AD-A037  759 


UNCLASSXFXKO 


AOCKI#CLL  INTCRNATIOMAL  ANAHCIN  CALXF  CLCCTKONXCS  RES— ETC  W/%  9/S 
XNVESTUATION  Of  DEFECTS  AND  IMPURITIES  IN  SILICON-ON^PPMIRE.  <U) 
NOV  76  R A MXU.XAMS*  J E MAURXTS*  J L PEEL  F19626-79^-010a 
C7S-970/M1  RAOC-TR-76-996  NL 


ODC  FILE  COPY  A DA  0 3 7 7 5 3 


INVESTIGATION  OF  DEFECTS  AND  IMPURITIES 
IN  SILICON-ON-SAPPHIRE 


Rockwell  International  Corporation 


Approved  for  public  release; 
distribution  unlimited. 


ROME  AIR  DEVELOPMENT  CENTER 
AIR  FORCE  SYSTEMS  COMMAND 
GRIFFISS  AIR  FORCE  BASE.  NEW  YORK 


'1 


Drs.  Ross  A.  Williams,  J.  L.  Peel,  Jan  E.  A.  Maurits 
and  Frieda  F.  Mittelbach  are  the  responsible  investigators  for 
this  contract.  Mr.  Bobby  L.  Buchanan  is  the  RADC  Project 
Engineer. 

This  report  has  been  reviewed  by  the  RADC  Information 
Office  (OI)  and  is  releasable  to  the  National  Technical  Informa- 
tion Service  (NTIS),  At  NTIS  it  will  be  releasable  to  the 
General  public,  including  foreign  nations. 

This  technical  report  has  been  reviewed  and  approved  for 
publication. 


APPROVED: 


Project  Engineer 


T 


4 


lINf.USSlFlED 


lecuMiTv  c 


iFiCATioN  or  thii  ^Aoe  r*''*"  o*i«  emtrtdj 


I.  MCPO^T  nImIER 


' llEPORT  DOCUMENTATION  PAGE 


.[radcI^r. 


76-356f 


2.  GOVT  ACCESSION  NO 


4.  title  (’•nd  Su6l/(J.t) 


INVESTIGATION  OF  _PEFECTS  AND  i 

||MPURITIES  IN  SILTcON-ON-SAPPHIRE*  ’ 


TTiAUtMOUfJ  7~  ' ' “ 

Ross  A ./wi  1 1 iams^  ^ 
i J an  E . A .y'Maurits^ 


t ^EMEONMINO  ONOANIZATION  NAIhE  AND  ADDNESS 

Rockwell  International 
Electronics  Research  Division 
3370  Miraloma  Ave . , Anaheim, 


J.  L.  Peel 
Frieda  ^ 


/ 


iuT 


,A  92803. 


n.  CONTNOLLINO  OEFICE  NAME  AND  ADDAESS  ^ 

Deputy  for  Electronic  Technology  (RADC)',y 
Hanscom  AFB,  Massachusetts  01731 
Monitor;  B.  Buchanan/ETSD 

14  MONITOAINO  agency  name  a ADOAESSf//  dilftrtnl  from  Controlling  Oltlet) 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


S AECIPIENT'S  CATALOG  NUMBEA 


or  ACFOAT  4 PEAIQO  COVERED 

Final  / / " • 

15  Jan  75  - 30^  Jun  76  dt 


C75-37O/5,01  i 

fTTI  T NUMB 


CONTHACT  0 


ABtn(s) 


fF1962  8-75-C-/lor8 


_0BAM  CUtMCNT.  project.  TASK 
AREA  A WORK  UNIT  NUMBERS 


fi  63305F 


tt*  AtPOAT  OAT*  ■ ■ 

I NovmiAmt  1'976  I 
'nUUTR' 

105 


— 


IS.  SECUAITV  CL 

Unclassified 


ISa.  OECL  ASSIFICATION/DOWNGAADING 
SCHEDULE 


Is.  OISTAliUTION  statement  fof  fM*  AcpsrlJ 


Approved  for  Public  Release;  Distribution  Unlimited 


17.  DISTAIBUTION  statement  ref  lAc  mbutdel  mltrmd  In  Block  30.  II  different  frem  AeperlJ 


J±1 


■/ 


<t  SUPPLEMENTAAY  notes 


It.  KEY  WOAOt  fCenrfnue  an  reYeree  efde  II  noeotodry  mid  Idonilly  by  block  mmbor) 
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With  the  use  of  si  1 icon-on -sapphire  (SOS)  in  the  manufacture 
of  MOS/LSI  circuitry  rapidly  approaching  reality  for  military 
applications,  the  problem  of  nonuniform  and  inconsistent  quality 
from  lot-to-lot  and  wafer-to-wafer  in  commercially  available  SOS 
material  must  be  dealt  witK»  The  first  phase  of  this  program 
examines  the  relationship  between  defects  and  impurities  in  the 
sapphire  starting  material  and  the  quality  of  devices  fabricated 
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a 

' in  silicon  films  grown  on  the  sapphire.  The  quality  of  the 

sapphire  was  examined  using  selective  etching.  X-ray  topography, 
ion-microprobe-mass-analyzer  (IMMA),  and  scanning  electron  micro- 
scope. Device  quality  was  determined  on  the  basis  of  yield, 
electrical  parameters,  and  radiation  hardness  of  CMOS  inverters. 
Sapphire  growth,  sapphire  polishing,  and  Si  film  growth  were  done 
by  several  manufacturers  in  different  combinations,  and  the 
results  of  the  different  combinations  of  manufacturers  compared. 
The  results  indicated  that  a high  yield  of  good  quality  devicea^ 
could  be  obtained  on  material  which  had  earlier  shown  a high 
defect  density,  and  that  chemical  impurities  in  the  silicon  film, 
incorporated  from  the  sapphire  during  film  growth,  led"  to  higher 
_ initial_and  post  irradiation  drain  leakages. 

'^'The  second  phase  of  the  program  investigated  the  relationship 
between  different  pre-epitaxial  treatments  of  the  sapphire  and 
CMOS  device  quality.  The  sapphire  treatments  studied  were  polish- 
ing, cleaning,  hydroj^n  prefire,  and  pre-epitaxial  annealing 
environments.  The  mawrial  for  Phase  II  was  all  supplied  by  Union 
Carbide  Corporation  uncker  a subcontract.  The  results  Indicated 
that,  although  p-channel  transistors  were  not  greatly  affected  by 
any  of  the  sapphire  treatments  investigated: 

1)  reducing  the  amount  of  sapphire  polish  was  beneficial 
to  n-channel  yield  and  radiation-induced  leakage, 

2)  radiat ion - induced  n-channel  leakage  is  very  sensitive 
to  Si  film  thickness, 

3)  isopropyl  alcohol  as  a final  cleaning  rinse  is 
detrimental,  and 

4)  some  hydrogen  prefire  is  beneficial  to  n-channel 
yield  and  radiation-induced  leakage. 

This  report  briefly  summarizes  the  work  in  Phase  I and  describes 
the  Phase  II  work  in  detail. 
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EVALUATION  STATEMENT 


INVESTIGATION  OF  DEFECTS  AND  IMPURITIES  IN 
SILICON  -ON  -SAPPHIRE 

Final  Report 
Rockwell  International 
F19628-75-C-0108 

This  report  is  the  Final  Report  on  this  contract.  It  covers 
investigations  relating  the  characteristics  of  silicon-on- 
sapphire  (SOS)  materials  and  SOS  processing  techniques  to 
the  quality  of  devices  fabricated  in  the  epitaxial  silicon  layers 
grown  on  sapphire  during  the  period  15  January  1975  to 
30  June  1976.  The  objective  of  this  work  was  to  delineate  the 
SOS  material  selection  and  processing  procedures  that  yield 
material  from  which  quality,  radiation  hard  MOS/SOS  devices 
can  be  fabricated.  Specific  steps  in  polishing  and  cleaning 
sapphire  substrates  and  pre- epitaxial  heat  treatment  can  result 
in  improved  device  yields  and  reduction  in  radiation -induced 
leakage  at  the  silicon- sapphire  interface.  The  continued  im- 
provement in  both  yield  and  hardening  of  MOS/SOS  devices  is 
essential  as  LSI  circuitry  using  the  MOS/SOS  technology  finds 
increasing  application  in  radar  and  communications  systems. 
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1.  introduction 

1 . 1 Scope  of  Program 

A serious  problem  in  the  development  of  SOS  technology  has  been 
material -related  problems,  particularly  the  variations  in  n- 
channel  SOS  transistor  leakage  currents  from  lot-to-lot  and  wafer- 
to-wafer.  The  s i 1 i con - sapph i re  interface  is  thought  to  play  a 
critical  role  in  determining  the  uniformity  of  device  electrical 
parameters  and  radiation  hardness.  The  studies  performed  under 
this  contract  were  designed  to  investigate  the  relationship 
between  SOS  material  characteristics  and  the  quality  of  CMOS/SOS 
integrated  circuits. 

The  first  phase  (January  1975  to  January  1976)  of  this  contract 
was  concerned  with  relating  defects  in  SOS  material  to  device 
yield  and  quality,  while  the  second  phase  has  been  concerned  with 
identifying  SOS  material  fabrication  procedures  leading  to 
improved  device  yield  and  quality.  Because  the  first  phase  was 
described  in  detail  in  Interim  Technical  Report,  RADC -TR- 76 -208 , 
July  1976,  this  report  covers  the  second  phase  (January  1976  to 
July  1976).  However,  a brief  review  of  the  result  of  the  first 
phase  is  given  in  the  following  subsection,  while  the  rest  of  the 
report  deals  with  Phase  II. 

1.2  Phase  I 

The  first  phase  of  this  study  was  primarily  directed  at  determin- 
ing the  impact  that  sapphire  defects  and  impurities  have  on  the 
electrical  parameters  and  radiation  hardness  of  CMOS/SOS  tran- 
sistors. As  a part  of  this  effort,  sapphire  substrates  were 
examined  which  were  supplied  by  thiee  vendor s - -Un ion  Carbide, 

Tyco  and  Crystal  Systems.  The  wafeis  were  polished  by  Union 
Carbide,  Tyco  and  Insaco  (for  Crystal  Systems)  with  half  of  each 
group  from  Tyco  and  Crystal  Systems  also  being  polished  by  Union 
Carbide . 

The  sapphire  substrates  were  examined  using  selective  etch  and  X- 
ray  diffraction  topography  and  Ion  Microprobe  Mass  Analysis  (IMMA) 
techniques.  The  results  from  the  first  two  analysis  techniques 
are  shown  in  Table  1-1.  The  results  showed  a wide  variation  in 
sapphire  quality  and  surface  smoothness.  Of  the  samples  ev..uated, 
the  Union  Carbide  sapphire  appeared  to  have  the  least  defects  and 
the  fewest  scratches.  The  IMMA  results  for  all  samples  showed 
contaminants  concentrated  on  the  surface  of  the  sapphire,  indicat- 
ing that  the  impurities  remained  from  the  polishing  and  pre- 
silicon-deposition cleaning  steps.  Generally,  the  impurities  con- 
sisted of  micron-size  sapphire  chips  and  remnants  of  polishing 
compounds - -with  some  residue  left  after  the  final  cleaning  rinse. 

Silicon  films  from  two  different  sources  [Union  Carbide  (UC)  and 
Hewlett  Packard  (HP)]  were  deposited  on  sapphire  substrates  from 
the  three  vendors  indicated  above.  Each  sapphire  vendor  type  had 
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two  polishing  var i at i on s - - the  ve ndor - f urn i sh ed  polish  and  a Union 
Carbide  polish.  Also,  some  experimental  films  were  deposited  by 
Rockwell  on  one  group  of  Union  Carbide  sapphire  wafers. 

All  of  the  silicon  films  were  found  to  possess  discrete  inclu- 
sions of  impurities,  in  varying  degrees.  These  inclusions 
appeared  vividly  in  surface  maps  generated  using  the  IMMA  tech- 
nique. This  particular  technique  has  proven  valuable  in  determin- 
ing the  quality  of  the  deposited  silicon  film,  since  many  of  the 
impurities,  which  are  observed  with  the  IMMA,  either  are  trans- 
parent or  are  too  small  to  be  observed  optically.  The  corre- 
sponding impurity  sites,  however,  did  appear  in  SEM  photomicro- 
graphs and  were  correlated  with  the  IMMA  surface  maps. 

The  effects  of  impurities  and  crystal  imperfections  in  silicon 
and  sapphire  upon  the  finished  device  characteristics  were 
studied  using  4007  type  circuits  fabricated  on  the  SOS  material 
using  a simple,  radiat ion -hard  process  procedure.  Two  wafers 
from  each  sapphire  and  polishing  group  were  included  in  each 
device  processing  lot,  to  improve  the  probability  of  obtaining  at 
least  one  processed  wafer  for  each  material  variation.  For  the 
most  part,  this  approach  was  successful.  The  electrical  test  data 
indicated  that  good  electrical  characteristics  were  obtainablf^  for 
the  various  groupings  of  SOS  ma t er i a 1 - - appar en 1 1 y independent  of 
sapphire  substrate  quality.  However,  the  Tyco  group  of  wafers 
seemed,  in  general,  to  yield  be  1 ow -average  results,  either 
because  of  the  material  or  the  processing.  Tyco  material  polished 
by  Tyco  and  having  Union  Carbide  silicon  films  (Tyco/Tyco/UC) 
showed  very  poor  results.  This  particular  group  showed  problems 
on  every  wafer  (lot  506)  indicating  that  the  silicon  on  these 
substrates  may  have  been  of  poor  quality.  Only  one  wafer  in  the 
Tyco/UC/UC  group  was  found  to  be  good  (lot  503).  The  Tyco/UC/HP 
group  and  the  Tyco/Tyco/HP  group,  however,  yielded  satisfactory 
devices . 

The  Wafer  maps  for  leakage  currents  showed  that  all  groups  of 
material  were  capable  of  producing  good  CMOS/SOS  circuits.  The 
yields  found  on  some  Crystal  Systems  wafers,  with  Insaco  polish 
showed  that  very  high  yields  could  be  achieved  on  material  which 
had  earlier  shown  a high  defect  density  with  highly  scratched 
surfaces;  however,  it  appeared  that  devices  lying  along,  or 
adjacent  to,  deep  saw  cuts  tended  to  fail  more  readily  than  those 
between  the  saw  marks  . 

The  wafer  mapping  also  showed  that  the  defects  were  randomly 
distributed  which  tends  to  rule  out  most  proce s s ing  - re  1 a t ed  pro- 
blems and  is  probably  a reflection  of  either  material  problems 
(such  as  defects  in  silicon  films  serving  as  enhanced  diffusion 
conduits  between  source-drain  regions)  or  mask  defects.  To 
eliminate  the  latter  variable,  devices  were  selected  which  showed 
neither  apparent  processing  nor  mask  defect  problems,  as  evi- 
denced by  electrical  probe  data  and  optical  examination.  The 
IMMA  results  on  these  carefully  chosen  dice,  which  generally 
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included  only  one  failed  device  among  several  good  devices, 
showed  no  impurity  inclusions.  These  results  were  very  surpris- 
ing. However,  contamination,  as  found  in  the  pre-processing 
surface  maps,  was  present  in  the  1 mm  square  silicon  test  area 
on  the  same  sample.  This  result  was  true  in  nearly  every  wafer 
examined,  implying  that  impurity  inclusions  were  removed  in  the 
device  areas  which  went  through  all  the  processing  steps.  The 
large  silicon  test  areas  were  covered  with  a thick  silox  layer 
during  the  entire  processing  cycle,  except  during  two  short 
oxidation  steps . 

Radiation  results  showed  that  there  is  no  particular  correlation 
between  backchannel  hardness  and  the  gate  threshold  hardness. 

This  conclusion  appears  to  be  true  when  comparing  the  Union 
Carbide  and  the  Hewlett  Packard  silicon  films  as  shown  in  Figures 
1-la  and  1-lb.  Devices  fabricated  with  the  Union  Carbide  depo- 
sition showed  the  best  backchannel  results,  while  the  Hewlett 
Packard  films  showed  the  best  oxide  hardness  with  good  to  poor 
backchannel  hardness. 

The  first  phase  has  further  verified  previous  observations  that 
the  silicon  epitaxial  films  containing  the  highest  concentrations 
of  impurities  generally  produce  devices  with  higher  initial  drain- 
leakages  and  higher  pos t - i r ra d i a t i on  leakage  currents.  Although 
wide  variations  were  observed,  even  for  a given  wafer  and  film, 
the  following  qualitative  statements  can  be  made.  The  expert 
mental  Rockwell  film  (lot  505)  showed  the  highest  contamination 
level,  as  shown  in  Figure  1-2,  and  the  devices  fabricated  in  that 
film  generally  exhibited  the  greatest  backet  nnel  leakages.  The 
Union  Carbide  film  (lot  504)  was  the  "cleanest,"  and  the  corre- 
sponding devices  generally  exhibited  the  least  backchannel 
leakages.  All  other  films  and  corresponding  devices  tended  to  De 
intermediate  in  contamination  levels  and  leakages,  respect i ve 1 > . 

The  results  from  this  study  tended  to  discourage  the  use  of 
sapphire  selective  etch  and  X-ray  topographs  to  determine  the 
suitability  of  sapphire  material  for  SOS  use.  It  appears  likely 
that  the  eventual  quality  of  the  silicon  films  will  depend  on  the 
f 0 1 lowing: 

. Substrate  surface  roughness 

. Substrate  surface  cleanliness 
Sapphire  pre-fire  conditions 

. Silicon  deposition  rates 

. Silicon  film  uniformity 

The  second  phase  of  this  study  was  structured  to  address  all  of 
these  areas  except  for  the  silicon  deposition  rates.  The 
remainder  of  this  final  report  will  discuss  the  results  of  the 
final  six  months  of  this  effort. 


4 


Drain  Leakage 


1.3  Phase  II 


In  January  1976  the  Crystal  Products  Department  of  Union  Carbide 
Corporation  and  Rockwell  International,  Autonetics  Croup,  began 
a cooper  ative  program  to  study  the  effects  of  various  pre-epitaxial 
conditions  on  device  parameters.  Administratively,  this  coopera- 
tive program  was  established  with  Rockwell  International  function- 
ing as  the  prime  contractor  and  Union  Carbide  Corporation 
functioning  as  the  subcontractor. 

1.3.1  Goals 

The  goal  of  this  program  has  been  to  study  the  effects  of  pre- 
epitaxy substrate  preparation  on  the  electrical  properties  of 
radiation-hardened  CMOS  devices  fabricated  on  SOS  material.  For 
the  materials  section  of  the  program,  the  objective  was  to  fabri- 
cate several  SOS  wafer  lots,  representing  a wide  range  of  experi- 
mental surface  conditions,  in  order  to  perform  studies  of  effects 
of  pre-epitaxy  material  quality  variations  on  device  performance. 
Substrate  surface  finish  variations,  chemical  cleaning  variations, 
hydrogen  prefire  time  variations,  oxygen  anneal  cycles,  and 
hydrogen  chloride  anneal  cycles  were  the  experimental  conditions 
studied . 

1.3.2  Technical  Approach 

This  phase  of  the  program  was  concerned  with  fabrication  of  SOS 
wafers  with  process  variations  in  pre-epitaxy  conditions. 

The  approach  followed  was  to  fabricate  SOS  wafers  (UCC  starting 
material)  with  variations  in  the  above  procedures  for  the  pre- 
epitaxial  treatment  of  the  sapphire,  and  to  build  devices  on 
these  wafers  (Rockwell  radiation-hardened  CMOS/SOS  fabrication) 
and  evaluate  the  resulting  CMOS/SOS  devices  with  regard  to  yield, 
electrical  characteristics,  stability,  and  radiation  tolerance. 

A total  of  1 no  wafers  was  supplied  representing  four  experiments. 
The  actual  experimental  conditions  and  number  of  wafers  in  each 
experimental  lot  were  defined  to  fit  device  processing  require- 
ments and  reflect  the  most  recent  information  on  critical  surface 
quality  parameters.  Current  reports  from  several  SOS  users  and 
preliminary  analysis  and  device  results  from  Rockwell  were  used 
to  refine  and  redesign  experimental  conditions  as  the  program 
progressed.  Table  1-2  lists  the  actual  experimental  lots  and 
number  of  SOS  starting  material  wafers  fabricated  for  subsequent 
evaluation,  i.e.,  CMOS/SOS  device  evaluation  to  identify  specific 
areas  for  further  detailed  study  and  investigation.  Experimental 
Sets  I - III  were  variations  of  the  standard  fabrication  and  pre- 
epitaxy  procedures.  Set  IV  described  new  experimental  conditions, 
which  are  not  part  of  the  standard  fabrication  or  pre-epitaxy 
process.  These  experiments  were  designed  to  represent  a wide 
range  of  pre-epitaxy  surface  conditions. 


7 


Table  1-2. 


Experimental  Lots  of  SOS  Starting  Material 


Set  I,  Surface  Finish  and  Substrate  Variations 


Exp.  Lot  No. 

Substrate  Lot 

Wafers 

Exp.  Conditions 

1 

KC0084 

15 

Standard 

2 

KC0014 

5 

Standard 

3 

KC0084  Redo 

5 

Standard 

5a 

KC0084  Select  Finish 

5 

Standard 

5b 

KC00133 

2 

Standard 

6 

KC0084  Poor  Finish 

5 

Standard 

Set  II.  Pre-Epitaxial  Chemical  Cleaning  Variations 

7 

KC0084 

5 

Final  Alcohol  Rinse 

8 

KC0084 

5 

Final  Acid  Clean 

9 

KC0084 

5 

Final  D.I.  Water  Scrub 

Set  III.  Hydrogen  Prefire  Conditions 

11a 

KC0084 

5 

O min.  Hydrogen  Prefire 

11b 

KC00133 

7 

O min.  Hydrogen  Prefire 

12a 

KC0084 

5 

30  min.  Hydrogen  Prefire 

12b 

KC00133 

7 

30  min.  Hydrogen  Prefire 

Set  IV. 

Annealing  Experiments 

l6a 

KC0084 

5 

16  hr.  O2  at  1100°C 

I6b 

KC00133 

7 

16  hr.  O2  at  1100°C 

17a 

KC0084 

5 

2 min.  HCl  at  800°C 

17b 

KC00133 

7 

2 min.  HCl  at  800°C 
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At  program  start,  fifty  (50)  wafers  from  two  sets  of  experiments, 
variations  in  substrate  surface  finish  quality,  and  variations  in 
pre-epitaxy  chemical  cleaning  were  delivered  to  Rockwell  for 
evaluation.  Later  in  the  program,  a second  delivery  of  50  wafers 
from  the  remaining  two  sets  of  experiments,  variations  in  hydro- 
gen prefire  time  and  experimental  gaseous  annealing,  was  made. 

All  substrates  used  were  (1102)  orientation,  2.0  inch  diameter, 
0.013  inch  thick,  fabricated  to  standard  specifications.  The 
epitaxial  films  were  approximately  0.75  microns  thick,  intrinsic 
resistivity  (undoped).  The  SOS  wafer  fabrication  process  is  out- 
lined in  Table  1-3. 

On  January  29,  1976,  the  first  delivery  of  50  wafers  (Group  1) 
was  made.  These  were  Experimental  Lots  1,  2,  3,  5a,  6,  7,  8,  and 
9.  All  films  were  measured  at  greater  than  700  ohm-centimeters 
resistivity.  Conductivity  type  could  not  be  determined.  All 
films  were  grown  in  the  same  reactor,  B1200,  using  the  same 
silane  cylinder,  in  contiguous  runs  with  preprogrammed  deposition 
times,  temperatures,  and  flow  rates.  The  same  operator  grew  all 
of  the  films. 

On  May  6,  1976,  the  second  delivery  of  50  wafers  (Group  II)  was 
made.  These  were  Experimental  Lots  5b,  11a,  11b,  12a,  12b,  16a, 
16b,  17a,  and  17b.  All  of  these  films  were  made  in  the  A1200 
reactor,  a different  reactor  than  used  for  the  first  lot.  The 
same  silane  cylinder  was  used  for  all  films  in  this  lot,  but  a 
different  cylinder  than  used  for  the  first  lot.  The  same  pre- 
programmed deposition  times,  temperatures,  and  flow  rates  were 
used,  except  for  the  noted  pre-epitaxy  annealing  and  prefire 
experiments . 

Table  1-4  summarizes  the  characteristics  of  the  SOS  starting 
material,  while  Table  1-5  outlines  the  sapphire  selection  for  the 
various  wafer  lots. 

At  Rockwell,  upon  receipt  from  Union  Carbide,  the  wafers  were 
subjected  to  a visual  inspection  using  a Nomarski  interference 
contrast  filter,  examined  for  silicon  thickness  variations  using 
a sodium  light  interferometer  and  silicon  thickness  measured  in 
three  places  using  an  IR  spectrophotometer.  The  details  of  this 
pre-processing  inspection  are  given  in  Appendix  A.  The  wafers 
were  then  divided  into  three  processing  lots  for  device  fabrica- 
tion. The  first  lot  (lot  610)  contained  12  wafers  consisting  of 
4 wafers  having  all  procedures  standard,  4 wafers  with  an 
"inferior"  sapphire  polish,  and  4 wafers  with  a "select"  sapphire 
polish.  The  second  processing  lot  (lot  618)  also  contained  12 
wafers--4  wafers  for  each  of  the  three  sapphire  cleaning  varia- 
tions. The  third  processing  lot  (lot  627)  contained  20  wafers  in 
five  groups  of  4 wafers  each,  including  one  group  of  completely 
standard  wafers,  as  a control,  two  groups  of  hydrogen  prefire 
variations,  and  two  groups  of  annealing  ambient  variations. 

The  devices  chosen  for  fabrication  on  the  experimental  SOS  wafers 
were  4007SR  CMOS  inverters.  The  mask  set  used  contained  special 
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Table 


1 - T . 


Manufacturing  Sequence  of  SOS  Wafers 


Hifh  Purity  Powrftr 

(dtntificition) 


CrickW 


(Mth  ind  Growl 


CrochriKki  ln|ot 


(Turn  Round  with  Flit) 


Procoisid  ln|ot  or  Bintock 
(Stici) 


Sawn  Blink 

(Grind) 


Ground  Blank 

(Michanicil  Polish) 
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GROUP  II  GROUP  I 


Table  1-4.  Summary  of  SOS  Starting  Material 


— 

UCC  LOT 
NUMBER 

— 

NO.  OF 
WAFERS 

SUBSTRATE 

LOT 

SAPPHIRE 

POLISH 

SAPPHIRE 

CLEAN 

PRE  EPITAXIAL 
ANNEAL  ANO/OR 
PREFIRE 

EPITAXV  RUN 
NUMBER 

1 

IS 

KC0084 

Standard 

Sundard 

Standard 

B1 201 2901  a 02 

2 

5 

KC0014 

Standard 

Standard 

Standard 

B12012904 

3 

5 

KC0084  Rido 

Standard 

Standard 

Standard 

B12012903& 
B1 201 3002 

3 5* 

5 

KC0084 

Salact 

Standard 

Standard 

B1 201 2901 

1 « 

S 

KC0084 

Poor 

Standard 

Standard 

B1 201 2905 

7 

5 

KC0084 

Standard 

Alcohol  Rinta 

Standard 

B1 201 3004 

8 

5 

KC0084 

Standard 

Add  Wash 

Standard 

B12013001 

9 

s 

KC00S4 

Standard 

Watar  Scrub 

Standard 

B12012906 

B12013003 

5b 

2 

KC00133 

Standard 

Standard 

Standard 

A120S0605 

111 

5 

KC0084 

Standard 

Standard 

No  Prifiri 

A1 2050508 

11b 

KC00133 

Standard 

Standard 

No  Prifire 

A1 2050603 

mSM 

KC0084 

Standard 

Standard 

30  Min  Hj  Prifira 

A1 2050506 

SB 

KC00133 

Standard 

Standard 

30  Min  Hj  Prafira 

A 12050611 

SB 

KC0084 

Standard 

Standard 

16hr02at1100°C 

A1 2050608 

mm 

KC00133 

Standard 

Standard 

16HrO2it1100OC 

A1 2050607 

KC00S4 

Standard 

Standard 

2 Min  HC^  at  800°C 

A12050609, 12 

MM 

n 

KC00133 

Standard 

L__ 

Standard 

2 Min  HC£  at  800°C 

A12050606 

Table  1-S. 


Flow  Chart  for  Substrate  Lot  Selection 


EXPERIMENTAL  SETS  l-IV 


Schct  3 Substritt  Lots,  ooch  contiininf  ill  substritis  cut  from  individuil,  idontifiod  ingots. 


Substriti  Lot  KC00I4 
CrvtUlNo.M16-1861  g 


Substriti  Lot  KC0014 
CrystilNo.M141722  27 


Substriti  Lot  KC00133 
CrystilNo.M13  1899  3 


Siket  6 substritis  for 
Exporimintil  Lot  No.  6 ind 
ripolish 


Assign  to  Expirimintil 
Lot  No.  2 


Assign  to  E xpirimintil 
Lott  Sb.  11b,  12b,  16b,  17b 


Assign  rimiining  substritis  to 
Expifimontil  Lots  1,3,  Si,  7, 
8, 9,11i,  12i,  16i,  17i 
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test  devices  at  regular  intervals  among  the  4007SR  inverter  dice. 
The  device  fabrication  is  described  in  greater  detail  in  Appendix 
B.  I- olio  wing  device  fabrication,  the  wafers  were  probed  and 
measurements  made  of  channel  leakage,  output  voltage  under  load, 
gate  leakage,  drain  breakdown  voltage,  and  turn-on  threshold 
voltage.  Yields  were  determined  on  the  basis  of  the  leakage 
current,  output  voltage,  and  gate  leakage  measurements,  and  the 
wafers  were  mapped  with  respect  to  location  and  failure  mode  of 
unacceptable  devices.  The  details  of  the  wafer  probe  measure- 
ments and  yield  determination  are  given  in  Appendix  C.  Devices 
selected  from  each  wafer  on  the  basis  of  wafer  maps  and  the 
silicon  thickness  measurements  were  then  evaluated  as  to  radiation 
induced  channel  leakage  and  turn-on  threshold  shift  in  a Co^® 
environment,  as  described  in  Appendix  P.  Selected  devices  from 
each  wafer  were  also  evaluated  under  hi  as -temperature  stress,  as 
described  in  Appendix  L . The  four  e xpe r i men t s -- name  1 y , sapphire 
polish,  sapphire  cleaning,  hydrogen  prefire,  and  annealing 
ambient--are  described  and  the  results  given  in  the  following 
sections,  while  a final  section  summarizes  the  program  and 
gives  the  conclusions  and  recommendations. 


SAPPHIRE  POLISH  EXPERIMENTS 


2.1  Technical  Approach  and  Rationale 

The  quality  of  the  surface  polish  on  the  sapphire  substrate  is 
expected  to  have  a strong  effect  on  the  quality  of  the  silicon 
which  is  later  grown  on  the  sapphire.  Surface  imperfections, 
such  as  scratches  will  expose  crystal  orient  at  ions d i f ferent  from 
the  desired  surface  orientation,  leading  to  local  variations  and 
defects  in  the  crystal  structure  of  the  epitaxial  silicon.  Also, 
there  is  a strong  tendency  for  impurities  to  become  trapped  in 
scratches  and  other  surface  imperfections,  where  they  are  less 
likely  to  be  removed  by  ordinary  cleaning  procedures.  The 
association  of  impurities  with  scratches  was  established  by  IMMA 
analyses  in  Phase  I of  this  program.  The  work  in  Phase  I also 
established  a strong  correlation  between  silicon  impurities  and 
device  quality,  especially  initial  and  radiation-induced  drain 
leakage  currents.  Thus  it  is  important  to  investigate  the  effect 
of  sapphire  polish  quality  on  the  yield  and  characteristics  of 
CMOS/SOS  devices. 


2.2  Sapphire  Substrate  Preparation 

As  described  above,  the  first  set  of  experiments  was  designed  to 
study  variations  in  substrate  surface  quality.  Substrate  lot 
selection  is  shown  in  Table  1-5  (see  Section  1.3),  a flow  chart 
of  substrate  lot  selection  and  use  in  the  experimental  lots. 
Boule  history  cards  (on  file  at  HCC,  Crystal  Products)  are  used 
to  identify  each  substrate  lot  from  crystal  growth  through 
epitaxy.  The  card  contains  crystal  identification  as  well  as 
processing  and  yield  information.  The  crystal  identification 
number  identifies  the  particular  growth  station  used,  date  of 
growth,  and  growth  data. 


Substrate  lot  identification  and  substrate  preparation  variations 
for  the  first  experimental  set  are  given  in  Table  2-1. 


Table  2-1.  Surface  Finish  and  Substrate  Variations 

Experimental  Set  1 


Lot  KC0084 


Lot  KC0084 


Select  28  substrates  and 
clean  with  standard  pro- 
cedure. Load  into  epi- 
taxial reactor  in  2 runs 
of  14  each . Select  5 
wafers  with  best  surface 
quality  for  Experimental 
Lot  No.  5a.  Select  15 
wafers  of  standard 
quality  for  Experimental 
Lot  No.  1. 


Select  12  substrates  and  prepare  for 
mechanical  polishing.  At  the  chemical- 
mechanical  polishing  step,  separate  in- 
to 2 groups  of  6 each.  One  group  of  6 
shall  have  a 75%  reduction  in  cycle 
time.  The  other  group  of  6 shall  have 
a 50%  cycle  time  reduction.  Use 
standard  pre -ep i t ax i a 1 cleaning  pro- 
cedure. Keeping  lots  separate,  load 
into  epitaxial  reactor  and  deposit  film. 
Select  2 wafers  from  50%  cycle  and  3 
wafers  from  75%  cycle  for  Experimental 
Lot  No.  6 . 
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2.3  [lescription  of  SOS  Starting  Material 

l;pitaxial  run  identification  for  the  first  experimental  set  is 
listed  below. 


Experimental  Set  I Identification 


Experimental 
Lot  No. 

No.  of 
Pcs. 

Substrate 

Lot 

Experimental 

Condit ion 

Epitaxial 
s Run  No. 

1 

I 5 

KC0084 

Standard 

B1201 2901 
B1 201 2902 

5 a 

5 

KC0084 

Select  Surface  Quality 

B1 2012901 

6 

5 

KC0084 

Poor  Surface 

Qua  1 i t y 

B1 201 2905 

All  substrates  were 

cleaned  with 

the  standard 

cleaning 

procedure 

described  in  a subsequent  section  of  this  report.  Standard 
epitaxial  prefire  conditions  were  used  as  described  in  a subse- 
quent section  of  this  report. 

The  epitaxial  reactors  used  in  this  work  are  vertical  rotary 
reactors  and  are  made  by  Applied  Materials,  Inc.,  Santa  Clara, 
California,  Model  AM V 1200.  The  substrates  are  placed  flat  onto  a 
graphite  susceptor,  and  the  susceptor  is  rotated  to  provide  good 
wafer-to- wafer  uniformity.  Time,  temperature  and  gas  flows  are 
pre-programmed  to  minimize  operator  error  and  maintain  run-to-run 
uniformity.  Nitrogen,  hydrogen,  or  hydrogen  chloride  atmospheres 
can  be  selected  as  desired.  Deposition  of  silicon  results  from 
chemical  vapor  decomposition  of  silane. 

2.4  Starting  Material  Wafer  Specifications 

The  standard  specification  for  substrates  and  epitaxial  wafers  is 
given  in  Table  2-2,  referenced  as  Union  Carbide  Corporation, 
Crystal  Products  Department  Product  Specification  SOS-10.  In 
addition  to  conforming  to  these  specifications,  a test  for 
particulates  was  performed  on  the  wafers.  Lot  samples  were 
inspected  microscopically  using  Nomarski  interference  contrast 
for  particulates  in  the  film.  Film  resistivity  was  intrinsic, 
greater  than  700  ohm-cm,  type  indeterminate.  Film  thickness  was 
held  at  -0.75  micron,  within  the  range  of  0.70  - 0.80  microns  for 
the  center  value.  No  haze  was  visible  on  any  of  the  wafers. 
Particulate  contamination  was  held  to  a minimum,  with  microscopic 
examination  at  lOOX  showing  less  than  10  particles  larger  than  2 
microns  diameter  in  an  X-Y  scan  of  the  surface. 

Substrates  were  standard  size  2.0  inch  diameter,  0.013  inch  thick, 
with  standard  surface  quality  except  where  noted  as  an  experi- 
mental condition.  Experimental  lot  number  6 had  a poor  surface 
quality  that  did  not  meet  specification,  as  planned  for  this 
experiment . 
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Table  2-2. 


Product  Specifications 


SILICON-ON-SAPPinRE  EPITAXIAL  WAFERS 


Czochralski  Grown  Sapphire  Substrates: 


A.  Material  Specifications 

1.  The  orientation  of  the  substrate  is  (1102)  - 2°.  Structural  (hexagonal) 
indices . 

2.  The  substrate  flat  is  45°  to  the  projected  ”C"-axis  of  the  sapphire 
substrate  and  parallel  to  the  (110)  epitaxial  silicon  plane. 

3.  The  substrate  is  free  of  slips,  twins  or  lineage. 


B . Geometrical  Specifications 


Thickness 

1. 500" 

Diameter 

- 0.013" 

t. 002" 

2.  000" 

Diameter 

- 0.013" 

i. 002" 

3.  000" 

Diameter 

- 0.020" 

t. 002" 

Bow 

1.600" 

Diameter 

- 0.0015 

' max. 

(excluding  outer 

. 040") 

2. 000" 

Diameter 

- 0.002" 

max. 

(excluding  outer 

. 040") 

3. 000" 

Diameter 

. 0.003" 

max. 

(excluding  outer 

. 040") 

Flat  Width 

1. 500" 

Diameter 

- 0.625" 

to. 125 

11 

2. 000" 

Diameter 

- 0.625" 

io. 125 

It 

3. 000" 

Diameter 

- 0.875" 

to.  125 

1 1 

Diameter  010' 


Edge  Chips  Not  to  exceed  10  chips  per  substrate.  Chips  shall  be  less 
than  0.  125"  deep  and  less  than  0.  375"  long.  90%  of  the 
substrates  to  have  no  chips  ^ 0.  040"  deep. 


Parallelism  .001"/Inch  of  Diameter 


Backside  £32  Microinches,  CLA 


SOS-10 

May  15,  1974 
Rev.  A - 2/14/75 
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Table  2-2 


(Cont inued) 


Silicon  Epitaxial  Film: 


A. 

Type 

As  Specified 

B. 

Concentration 

As 

Specified 

C. 

Thickness 

As 

Specified 

D. 

Surface  Finish 

The  following  describes  a consistent  method  to  evaluate  epitaxial 
silicon  films  on  sapphire  substrates.  A microscope  is  not  used,  only- 
artificial  light  most  suited  to  the  particular  defect  definition  is  used. 

1.  Procedure; 


Under  a bright  light  (preferably  a flood  lamp),  the  substrate  is 
rotated  until  it  is  approximately  45  degrees  to  the  light  beam. 
The  entire  surface  is  scanned  and  the  results  from  the  back 
reflections  are  noted.  This  method  is  best  suited  to  scratch 
definition  and  pit  definition. 

2.  Epitaxial  Film  Evaluation: 


a.  Pits 


b.  Scratches 


c.  Haze 


d.  Resistivity 
and  Film 
Thickness 

e.  Spikes 


f.  Orange  Peel 

g.  Dislocation 
Density 


Under  the  bright  light  test,  there  shall 
be  no  more  than  4 pits  per  substrate. 

The  pits  shall  not  be  larger  than  50 
microns . 

Under  the  bright  light  test,  there  shall 
be  no  scratches  greater  than  0.  5 inches 
long  and  the  combined  length  of  all  scratches 
shall  be  less  than  2.  0 inches.  Ninety  (90) 
wafers  out  of  a lot  of  one  hundred  (100) 
wafers  will  have  no  scratches. 

Under  fluorescent  light  there  shall  be  no 
haze  visible  on  the  epitaxial  film. 


Both  shall  be  measured  in  the  center  of  the 
wafer. 

No  visible  spikes  greater  than  one  times 
film  thickness  are  acceptable. 

None 


None  visible  at  lOOX  after  light  Sirtl  etch. 
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Table  2-2.  (Continued) 


E. 

Lot  Size 

- 

100  wafers  or  less 

F. 

Certification 

A certificate  of  compliance  to  these 

specillcati ens  wall  be  issued  with  each 

lot. 

G. 

Packaging 

a.  Wafers  will  be  packaged  in  a manner 

such  that  they  will  be  free  from  wax, 
dirt,  grease,  or  otlier  surface  con- 
tamination after  a standard  solvent 
cleaning . 

b.  Wafer  containers  will  be  clearly  labeled 
showing  type,  concentration,  diameter, 
thickness,  lot  number  a'ld  purchase  order 
number . 


2.5  Wafer  Inspection  - Lot  610 

Prior  to  the  start  of  processing,  the  wafers  were  inspected  using 
the  techniques  outlined  in  Appendix  A. 

A visual  scan  of  the  wafers  using  a .Nomarski  interference  con- 
trast filter  revealed  scratches  on  the  sapphire  on  wafers  9,  10 

and  11  only.  These  scratches,  which  resulted  from  a planned 
reduction  in  polishing  time  are  easily  distinguished  from  the 
small  scratches  caused  by  handling  damage  which  occur  in  the 
silicon  at  the  outer  wafer  edges.  The  scratches,  similar  in  all 
three  wafers,  ranged  in  length  from  0.13  cm  to  2.0  cm  and  from 
0.1  urn  to  0.2  gm  in  width.  No  attempt  was  made  to  measure  the 
depth  of  the  scratches. 

The  surface  texture  of  the  film,  excluding  scratclies,  was  noted 
to  have  a sliglit  increase  in  graininess  (roughness)  going  from 
the  select  finish,  to  the  standard  finish,  to  the  inferior  finis li. 

The  results  of  IR  spectrophotometer  measurements  and  sodium  light 
topographs,  as  shown  in  Table  2-3,  showed  silicon  film  thickness 
variations  ranging  from  1000  to  2000  /(.  The  films  were 
generally  found  to  be  thinner  at  one  edge  of  the  wafer  and  to 
increase  in  thickness  in  a monotonic  manner  toward  the  opposite 
edge.  There  was  no  indication  of  a "ripple  effect"  of  alter- 
nately thinner  and  thicker  silicon.  The  average  film  thickness 
on  wafers  in  lot  610  was  7260  X. 
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Table  2-3.  Wafer  Inspection  Prior  to  Device  Fabrication 


Wafer 
No  . 

P 0 1 i s b 
Quality 

No.  of 
Fringes 

Minimum 
Thickness,  um 

Maximum 
Thickness , 

6 10. 

1 

Standard 

1 . 

9 

0 , 

, 68 

0. 

83 

6 10. 

~i 

t i 

2 

1 

0 , 

.61 

0. 

78 

6 10, 

. 3 

»l 

2 . 

3 

0 , 

,63 

0 . 

8 1 

610. 

4 

M 

T 

5 

0 , 

.60 

0 . 

80 

6 10. 

5 

Select 

1 . 

*7 

0 , 

. 70 

0 . 

83 

610. 

6 

1 1 

1 . 

3 

0 , 

,67 

0. 

77 

6 10, 

7 

II 

1 . 

8 

0 

.61 

0, 

75 

610. 

8 

II 

- 

o; 

: 72 

0 . 

85 

610. 

9 

Infer ior--75% 

2 . 

3 

0 . 

, 64 

0 . 

00 

610. 

1 0 

" --75% 

1 . 

9 

0 , 

.63 

0 . 

78 

610, 

1 1 

>’  --7  5% 

2 

0 

0 . 

, 6 4 

0 . 

,80 

610, 

12 

" --50% 

2 . 

3 

0 , 

, 65 

0 . 

,83 

2 . 6 

Device  Fabrication 

- Lot 

610 

Four  wafers  from  each  polishing  variation  (standard,  select  and 
inferior)  were  processed  in  one  12-wafer  lot,  designated  lot  610. 
CMOS  inverter  circuits  (4007 SR)  were  fabricated  on  these  wafers 
according  to  the  process  outlined  in  Appendix  B.  Four  wafers 
(610.4,  610.5,  610.8,  and  610.11)  were  broken  during  fabrication. 

These  broken  wafers  could  not  be  probed  for  the  yield  analysis 
experiment,  and  consequently,  no  characterization  was  done  on 
them. 

Wafers  610.9  and  610.10,  which  had  a 75%  reduction  in  final  polish 
time,  had  marks  in  the  silicon  apparently  corresponding  to 
scratches  in  the  sapphire.  These  marks  were  still  apparent  after 
device  fabrication. 

2.7  Wafer  Probe  Results  - Lot  610 

The  wafers  were  probed  and  the  resulting  data  were  mapped  and 
sorted.  Yields  were  calculated  as  described  in  Appendix  C.  The 
four  broken  wafers  (610.4,  610.5,  610.8  and  610.11)  could  not  be 
probed  on  the  automatic  probe.  The  wafer  maps  did  not  show 
effects  corresponding  to  either  the  thickness  variation  across 
the  wafer  or  to  the  scratches  on  610.9  and  610.10.  The  wafer 
maps  in  general  did  not  show  local  variations--tlie  failures 
appeared  randomly  distributed  over  each  wafer. 

The  yield  results  for  lot  601  wafers  are  presented  in  Table  2-4. 

In  the  failed  dice  column,  it  is  apparent  that  there  is  little 
difference  between  the  standard  and  select  polish,  but  that  the 
inferior  polish  gives  a significant  improvement  in  yield.  Closer 
inspection  of  these  results  reveals  that  the  die  yield  on  the 
wafer  having  a 50%  reduction  in  final  polish  time  (610.12)  is 
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Table  J-4.  Yield  Results  From  Lot  b 1 n - - Sapph i r e Polish  Variation 
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quite  similar  to  wafers  from  the  standard  or  select  groups,  but 
that  the  two  wafers  having  the  75%  reduction  in  final  polish  time 
(610.9  and  610.10),  and  having  visible  scratch  marks,  show  a much 
improved  yield.  This  leads  to  the  rather  surprising  conclusion 
that  the  final  polishing  step,  which  removes  visible  scratches 
from  the  sapphire  surface,  might  be  actually  detrimental  to  the 
quality  of  silicon  grown  on  the  sapphire.  Further  inspection  of 
Table  2-4  reveals  that  the  n-channel  failure  rate  is  signifi- 
cantly higher  than  the  p-channel  failure  rate  and  that  the 
superior  yield  in  wafers  610.9  and  610.10  is  associated  only  with 
the  n-channel  transistors.  Finally,  it  is  apparent  that  almost 
all  of  the  failures  in  both  n-channel  and  p-channel  transistors 
are  leakage  current  failures  and  that  wafers  610.9  and  610.10 
exhibit  many  fewer  n-channel  leakage  current  failures  than  other 
wafers  in  this  lot.  It  must  be  remembered,  however,  that  the 
channel  leakage  is  the  first  measurement  tested  and  that  tran- 
sistors failing  this  test  are  not  tested  for  voltage  drop  or  gate 
leakage. 

The  results  of  sorting  the  various  measurements  are  shown  in  the 
distribution  curves  of  Figures  2-1  through  2-4.  It  is  character- 
istic of  this  lot  that  the  leakage  currents  either  fall  within 
the  rather  narrow  distributions  shown  in  Figure  2-1  or  they  are 
beyond  full  scale  of  the  measuring  instrument  (200  nA) . The 
gate  leakages  are  essentially  all  either  less  than  200  nA  or 
greater  than  2 uA  and  are  not  plotted.  The  height  of  the  various 
distributions  is  related  to  the  number  of  devices  tested,  which 
is  different  for  the  three  different  polish  variations  and  may 
vary  also  with  the  type  of  measurement  and  from  wafer  to  wafer, 
due  to  the  order  and  hierarchy  of  testing,  as  described  in 
Appendix  C.  There  appears  to  be  little  difference  between  the  p- 
channel  distributions  for  the  different  polish  variations,  or  in 
the  median  of  the  various  distributions  for  the  n-channel  tran- 
sistors. However,  the  n-channel  leakage  distribution  for  the 
inferior  polish  group  is  slightly  broader  than  for  the  other  two 
variations,  while  the  n-channel  voltage  drop  distribution  is 
broader  for  the  select  polish,  and  both  the  standard  and  select 
polishes  show  a broader  n-channel  threshold  voltage  distribution 
than  the  inferior  polish.  No  major  significance  is  attributed  to 
these  differences,  as  they  are  not  great  enough  to  impact  device 
performance . 

Measurements  of  field-effect  mobility  were  taken  at  several 
locations  on  each  wafer  in  an  independent  probing  operation,  as 
described  in  Section  C-4  of  Appendix  C.  These  measurements  were 
made  on  the  test  structures  located  between  4007SR  dice  on 
alternate  rows  of  the  wafer.  The  results  are  shown  in  Table  2-5. 
There  is  no  significant  dependence  of  field-effect  mobility  on 
sapphire  polish  quality. 
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Figure  2-1.  Effect  of  Sapphire  Polish  on  Drain  Leakage 


IVAUiilll  ilOA  I UM  tUOiSISNVUi  JO  ON 


24 


Table  2-5 

. Effect 

of  Sapphire  Polish  on 

Field-Effect  Mobility 

Sapphire 

Wa  f e r 

Average  Field-Effect 

Mobility  (cm‘  sec 

Polish 

Number 

p - channe 1 

n -channel 

Standard 

610.1 

209 

354 

610.2 

209 

365 

610.3 

252 

329 

Average 

223 

~7W 

Select 

610.6 

213 

403 

610.7 

210 

393 

Average 

212 

558 

Inferior 

610.9 

190 

363 

610.10 

226 

360 

610.12 

1 79 

363 

Average 

198 

362 

2.8  Stability  in  Environment  - Lot  610 

The  Co^*^  testing  was  done  as  described  in  Appendix  D.  Dice  to  be 
tested  were  selected  on  the  basis  of  the  previously  described 
failure  maps  and  were  taken  from  three  locations  on  each  wafer  to 
study  the  effect  of  silicon  film  thickness.  Rad i at i on - induced 
threshold  shifts  are  shown  in  Table  2-6  for  the  different  sapphire 
polish  variations.  The  numbers  shown  for  each  wafer  are  the 
average  of  three  devices,  and  represent  the  maximum  shift  induced 
by  irradiation  to  10^  rads(Si)  [in  some  cases  the  maximum  shift 
occurs  below  10^  rads(Si)]. 


Table  2-6.  Effect  of  Sapphire  Polish  on  Korst-Case  Radiation- 
Induced  Threshold  Shift  for  0 < y 10^  rads(Si) 


Sapph i re 
Polish 

Wafer 

Number 

Standard 

610.1 

610.2 

610.3 

Average 

Select 

610.6 

610.7 

Average 

Inferior 

610.9 

610.10 
610.12 
Average 

n-channel  AVp 


17-  -=  riU-v- 

■■■  V f lUV 

-.123 

- . 453 

-.12 

- .41 

-.567 

- .593 

^7TT 

- . 127 

- . 353 

-.507 

-.523 

TTHT 

:V435 

-.  153 

-.487 

- . 107 

-.417 

-.403 

-.513 

-T2TI 

-■.‘4  77 

p-channe  1 

AVt 

V_  ='  +TU7 

\J 

-.71 

-2.44 

- .685 

-2.5 

-1.093 

-2.59 

-2 . n 

- . 603 

-2.21 

- .92 

-2.25 

- . 76 

-2.23 

-.71 

-2.49 

-.72 

-2.56 

-.883 

-2.43 

-.77“ 

72T?7 
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There  is  little  difference  between  the  aVerage  radiation-induced 
threshold  shift  at  a given  bias  condition  for  the  different 
qualities  of  sapphire  polish.  The  wafer-to-wafer  variation,  how- 
ever, is  relatively  large,  except  in  the  case  of  the  p-channel, 
positive  bias  case.  This  case  produces  the  largest  radiation- 
induced  threshold  shifts  and  does  indicate  a slight  improvement 
in  radiation  hardness  for  the  select  polish.  This  improvement  is 
not  large  enough  to  be  significant  from  the  standpoint  of  circuit 
performance . 

Radiation  induced  n-channel  leakage  currents  are  shown  in  Table 
2-7.  No  p-channel  leakage  increase  was  observed.  The  maximum  n- 
channel  leakage  often  occurred  at  doses  below  1 megarad,  in  which 
case  the  maximum  leakage  current  measured  is  tabulated  for  three 
devices  on  each  ^wafer  along  with  the  corresponding  radiation  dose. 
Also  shown  is  the  starting  thickness  of  the  silicon  film  at  the 
location  on  the  wafer  from  which  the  device  was  taken.  The 
radiation  bias  condition  for  maximum  n-channel  leakage  was  Vdd  = 

+ 10  V and  Vqs  = 0.  while  the  measurement  bias  is  VpD  = ■*■10  V and 
VgS  “ ' results  indicate  little  difference  between  the 

standard  and  select  sapphire  polishes  but  that  the  inferior 
polish  gives  a very  definite  reduction  (about  a factor  of  two)  in 
radiation  induced  leakage.  A rather  striking  feature  of  the 
results  is  the  correlation  between  radiation  induced  leakage  and 
silicon  film  thickness.  The  maximum  radiation  induced  leakage 
current  is  seen  to  be  a strongly  decreasing  function  of  silicon 
film  thickness.  This  is  shown  in  Figure  2-5  where  maximum 
rad i at  ion  - induced  leakage  is  plotted  against  starting  silicon 
film  thi ckness  . 

There  was  no  significant  change  in  gate  leakage  induced  by  any  of 
the  radiation  tests. 

2.9.  Stability  Under  Bias-Temperature  Stress  - Lot  610 

Bias -temperature  measurements  were  done  on  one  or  two  dice  from 
each  wafer  as  described  in  Appendix  E.  Initially  the  devices 
were  stressed  at  the  three  different  bias  conditions  for  16  hours 
at  200°C.  However,  the  changes  produced  by  this  test  were  hardly 
measurable,  so  the  same  devices  were  stressed  again  for  16  hours 
at  260*C.  Changes  were  still  very  small.  Under  the  two  static 
bias  conditions,  leakage  currents  remained  less  than  1 uA, 
threshold  shifts  remained  less  than  0.3  V,  and  transconductance 
changes  were  less  than  15%,  except  in  two  cases.  These  two  cases 
were  wafers  610.2  and  610.10.  On  wafer  610.2,  devices  on  both 
dice  tested  exhibited  n-channel  leakages  of  -5  pA  for  the  positive 
drain  bias  case,  while  the  devices  on  one  die  showed  threshold 
shifts  in  excess  of  0.6  volt  for  both  static  bias  conditions  and 
a 40%  decrease  in  n-channel  transconductance.  In  the  case  of 
wafer  610.10,  p-channel  threshold  shifts  were  about  0.6  V for 
both  static  bias  conditions,  while  the  n-channel  leakage  current 
was  1.8  yA  in  the  positive  drain  bias  case,  and  n-channel 
transconductance  decreased  by  about  30%.  Changes  in  gate  leakage 


27 


Table  2-7. 


Effect  of  Sapphire  Polish  on  Radiation- 
Induced  n-Channel  Leakage 


Polish 

Standard 


Select 


Inferior 


Notes  : 


T 


Wafer 

Device 

Leakage  (p  A) 

610.1 

1606 

80.69 

1616 

48  .2 

1628 

24 . 4 

610.2 

2706 

257 

1516 

234 

610.3 

2020 

87 . 7 

2920 

143 

0908 

21 

Average 

mj 

610.6 

2206 

177 

2216 

117 

2228 

114 

610.7 

0420 

246 

1620 

120 

2720 

63 

Average 

ITT 

610.9 

0712 

8 

1812 

45 

2612 

75 

610.10 

0718 

141 

1918 

83 

2618 

54 

610.12 

0916 

n 

2316 

16 

2818 

49 

Average 

3T 

Dose(rads)  Si  Thickness  (p  m) 


10^ 

0 . 69 

10^ 

0 . 78 

10^ 

0. 83 

1 0^ 

0.61 

3 

X 10^ 

0.71 

10^ 

0 . 76 

10^ 

0.68 

10^ 

0.83 

3 

X 10^ 

0 . 76 

10^ 

0.  77 

I 06 

0.  74 

3 

X 10^ 

0 . 64 

3 

X 105 

0.  76 

3 

X 10^ 

0 . 8 

3 X 10^ 

0 

8 

10^ 

0 

74 

10^ 

0 

7 

1 0^ 

0 

68 

1 0^ 

0 

72 

10^ 

0 

75 

10^ 

0 

82 

10& 

0 

75 

1 o6 

0 

71 

Radiation  doses  tabulated  above  are  doses  for  which 
the  maximum  leakage  current  was  measured  in  the 
range  from  zero  to  10^  rads(Si). 

Devices  were  40  mil  wide  n-channel  transistors  on 
CMOS/SOS  4007SR  devices. 
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during  the  b i as - 1 empe nature  tests  were  negligible.  Under  dynamic 
bias,  there  was  no  significant  change  in  any  of  the  devices 
tested  at  260”C  for  16  hours. 

2.10  Sapphire  Polish  Results 

The  most  striking  feature  of  the  sapphire  polish  investigation 
has  been  that  the  inferior  polish  has  shown  an  advantage  in  both 
yield  and  radiation  tolerance.  In  both  cases,  the  device 
parameter  showing  the  advantage  was  n-channel  leakage  current. 
Possible  explanations  suggested  for  this  unexpected  result  are 
(13  the  final  polishing  step  is  actually  deleter! rus  to  the 
sapphire  surface  quality,  possibly  leaving  a thin,  amorphous 
layer  of  AI2O3,  possibly  contaminated  with  polishing  materials  on 
the  sapphire  surface,  (2)  the  inferior  polish,  leaving  a rough 
surface  on  the  sapphire,  leads  to  growth  of  poor  quality,  very 
low  mobility,  silicon  adjacent  to  the  sapphire,  (3)  the  extra 
polishing  involved  in  producing  the  inferior  polish  may  be  bene- 
ficial to  the  sapphire,  and  (4)  the  inferior  polish,  leaving  a 
rough  sapphire  surface,  may  expose  sapphire  crystal  planes  upon 
which  silicon  grows  with  a different  orientation,  thereby  produc- 
ing a s i 1 i c on / s apph i r e interface  which  traps  less  radiation- 
induced  charge. 

All  of  these  effects  may  be  present,  with  the  inferior  polish 
sapphire  trapping  less  positive  charge  close  to  the  interface  and 
yielding  silicon  with  extremely  low  conductance  in  the  vicinity 
of  the  interface,  thus  decreasing  the  n-ctiannel  leakage  in  two 
ways.  In  any  case,  the  result  is  quite  unexpected,  and,  in  view 
of  the  sample  size,  should  be  confirmed  before  it  is  recommended 
that  present  polishing  procedures  be  revised. 

Another  significant  result  is  the  relationship  between  silicon 
film  thickness  and  radiation  induced  n-channel  leakage  current. 

It  is  believed  that  this  dependence  arises  from  the  use  of  boron 
implantation  near  the  Si-Al203  interface  to  increase  the  acceptor 
doping  concentration,  thereby  inhibiting  inversion  of  the  silicon 
(formation  of  a backchannel ) . For  the  thinner  areas  of  the 
silicon  film,  most  of  this  deep  implant  will  penetrate  the  silicon 
and  stop  in  the  sapphire.  Thus  the  boron  doping  itensity  of  the 
silicon  near  the  back  interface  is  decreased,  while  the  sapphire  is 
damaged  by  the  implanted  ions.  Both  of  these  effects  would  lead 
to  an  increase  in  n-channel  leakage.  The  thickness  dependence  of 
rad i a t i on  - i nduc ed  n-channel  leakage  has  strong  implications 
relative  to  radiation  hardening.  As  can  be  seen  from  Table  2-7, 
in  the  inferior  polish  case  the  maximum  radiation  induced  leakage 
current  for  doses  up  to  10^  rads(Si)  is  only  7 uA  and  8 uA  in  the 
two  cases  where  the  starting  silicon  film  thickness  is  as  large 
as  0.8  urn.  This  is  more  than  an  order  of  magnitude  less  than  the 
average  for  the  standard  wafers.  The  results  suggest  the  possi- 
bility of  achieving  very  low  rad i a t i on  - in duced  leakage  on  a 
regular  basis,  either  through  much  better  control  of  the  silicon 
film  thickness  or  through  an  improved  ion  implantation  method  or 
some  combination  of  both. 
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Other  than  the  leakage  current  effects,  no  significant  differences 
were  found  between  the  various  sapphire  polish  qualities.  In 
probing  for  yield,  neither  the  p-channel  parameters  nor  the  n- 
channel  voltage  drop  (related  to  mobility  values)  and  gate  leakage 
showed  any  significant  dependence  on  quality  of  sapphire  polish. 
The  average  field-effect  mobility  for  the  different  cases  was 
also  independent  of  sapphire  polish.  Likewise,  the  radiation- 
induced  threshold  shift  and  the  bias  temperature  results  show  no 
dependence  on  sapphire  polish.  Thus  we  have  the  surprising  con- 
clusion that  a significant  improvement  in  n-channel  leakage,  both 
from  the  yield  standpoint  and  from  the  radiation  hardness  stand- 
point can  be  achieved  by  reducing  the  final  polish  time,  while  no 
other  advantages  or  disadvantages  are  apparent  for  any  of  the 
three  qualities  of  sapphire  polish  investigated. 

Finally,  it  is  appropriate  to  recommend  additional  experimental 
confirmation,  based  upon  the  small  sample  size  (8  wafers)  from 
which  these  conclusions  have  been  made. 
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3. 


SAPPHIRt  CLtANING  P XPER I MPNTS 


The  IMMA  work  on  Phase  I of  this  contract  showed  a strong  corre- 
lation between  device  yield  and  quality  and  the  presence  of 
impurities  in  the  silicon.  One  very  important  source  of  impuri- 
ties in  the  silicon  is  the  sapphire  stirface  upon  which  the 
silicon  is  grown.  Oue  to  the  thinness  of  the  silicon  layer 
(0.75  urn),  comparatively  small  surface  concentrations  of  impuri- 
ties on  the  sapphire  can  result  in  significant  impurity  concentra- 
tions in  the  very  small  volume  of  silicon.  Thus  it  is  important 
to  identify  cleaning  procedures  leading  to  either  very  clean 
sapphire  surfaces  or  at  least  sapphire  surfaces  having  a minimum 
of  detrimental  impurities.  It  should  be  noted  that  certain  clean- 
ing procedures,  designed  to  remove  one  type  of  impurity,  might 
themselves  introduce  another,  more  harmful  impurity.  The 
experiments  described  in  this  section  were  designed  to  investi- 
gate the  effect  of  three  variations  in  sapphiie  cleaning  pro- 
cedures on  the  quality  of  SOS  material  as  determined  by  the  yield, 
electrical  characteristics  and  stability  in  radiation  and  high- 
temperature  environments. 

3.1  Material  Fabrication 

3.1.1  Background  to  Cleaning  Approaches 

Recent  processing  results  at  several  SOS  device  manufacturers 
have  indicated  that  substrate  cleaning,  particularly  the  pre- 
epitaxy cleaning  process,  is  critical  to  device  performance  and 
yields.  Polishing  compound  residues,  mobile  ion  contaminants, 
organic  solvent  residues,  and  statically-held  particulates  on  the 
substrate  surface  are  thought  to  be  the  causes  of  high  leakage 
currents  in  n-channel  transistors,  wa f e r - t o - wa f e r variations,  low 
CMOS/SOS  device  yields,  and  unstable  resistivity  values.  Many 
changes  were  made  in  the  cleaning  procedure  over  the  past  two 
years  in  order  to  minimize  each  contaminant  as  it  was  reported  by 
device  manufacturers.  Rigorous,  detailed  substrate  cleaning 
prior  to  epitaxy  has  resulted  in  recent  user  reports  of  liigh 
yields,  improved  device  parameters,  lot-to-lot  consistency,  and 
successful  LSI  circuit  fabrication. 

Historically,  the  basic  pre-epi  cleaning  procedure  for  sapphire 
substrates  used  until  recently  was  designed  and  used  as  part  of 
the  fabrication  process  in  1971.  The  increased  demand  for  SOS 
wafers  justified  the  establishment  of  a separate  cleaning 
facility  at  IICC  in  1971.  The  basic  procedure  is  listed  in  Table 
3-1.  The  final  pre  - ep i t a x i a 1 cleaning  step  consisted  of  a hand- 
scrubbing of  the  substrate  surface,  using  an  acetone  - 1 oaded  kim- 
wipe.  Each  substrate  was  manually  wiped,  being  held  in  a vacuum 
chuck  and  illuminated  with  a microscope  lamp.  A filtered  nitro- 
gen blow  gun  was  then  used  to  remove  any  loose  particulates  as 
the  substrates  were  loaded  into  the  reactor. 
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Table  T-1.  Cleaning  Procedure  1971  - July  1975 


Minirficluring  StqiMnc* 


'Ckanini  Pructdura 


Finithad  Subttritt 
(cl«an)* 


CItan  Substrata 

(intpacti 


Accaptad  Substrate 
(packafal 


I.  Gross  Contaminant  Removal 

A.  Ultrasonic  agitation  of  detergent  solution 
at  80*’C  for  IS  min. 

B.  D.l.  water  rinse  for  IS  min. 

II.  Chemical  cleaning 

A.  Aqua  regia  acid  boil  for  IS  min 

B.  D.l.  water  rinsa  for  IS  min 

C.  Sulfuric  acid  at  BO^C  for  IS  min 

D.  D.l.  water  rinse  for  IS  min 


Substrate  Invtntorv 


IPre-epitaxial  clean)** 


Epitaxial  Preparation 


(Film  deposition) 


Epitaxial  IWafar 


(Inspect) 


Accepted  Wafer 

(package) 


III.  Drying 

A.  D.l.  water  rinse  (or  IS  min 

B.  Spin  dry  in  warm,  dry  nitrogen 
atmosphere 

**Pre -epitaxy  Cleaning  Procedure 

I.  Manual  Substrate  Scrub 

A.  Secure  substrate  onto  vacuum  chuck 

B.  Wipe  surface  with  acetone-loaded  Kim- 
Wipe  leaving  clean  surface  with  no  smears 

C.  Blow  surface  with  dry,  filtered  nitrogen 

D.  load  onto  susceptor 


Wafer  Inventory 
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This  procedure  seemed  to  work  well  for  some  time  (1971  - 1975), 

and  device  manufacturers  had  no  adverse  comments  on  surface 
cleanliness  quality  or  related  device  performance.  A history  of 
device  processing  experience,  larger  scale  SOS  device  development 
programs  at  more  companies,  related  bulk  silicon  processing 
experience,  and  tlie  move  to  the  more  complex  LSI  circuitry 
demanded  materials  improvements,  beginning  in  early  1975. 

The  first  request  for  improved  quality  involved  the  particulate 
contaminants  on  the  substrate  surface  that  subsequently  inter- 
fered with  CMOS/SOS  device  yields,  particularly  in  LSI  device. 
These  particulates  were  statically  attracted  and  thus  held 
tightly  to  the  substrate  surface.  The  final  p r e - ep i t a x i a 1 clean- 
ing did  not  remove  these  particulates  efficiently  or  consistently, 
and  subsequent  film  deposition  would  cause  projections  or  spikes 
in  the  film.  These  defects  would  scratch  the  photomasks  and 
lower  yields  by  interfering  with  line  geometry  and  initiating 
further  defects  in  subsequent  processing.  These  particulates 
appeared  to  be  common  dust  particles  present  in  the  ambient 
atmosphere,  cleaning  tanks,  and  rinse  water  supply.  A concentra- 
ted effort  began  in  early  1975  to  improve  the  cleaning  procedure 
in  order  to  minimize  or  eliminate  these  particulates. 

Particulates  were  reduced  by  installing  sub-micron  size  filters 
on  water  lines  and  nitrogen  lines,  and  installing  an  automatic 
wafer  scrubber  to  be  used  for  the  final  cleaning  just  prior  to 
film  deposition.  The  wafer  scrubber,  illustrated  in  Figure  3-1, 
is  Model  C-2WS,  made  by  II  Industries,  Sunnyvale,  California. 

The  manufacturer  recommended  that  a cleaning  cycle  of  detergent- 
brush scrub,  ammonia  rinse,  isopropanol  rinse,  and  spin  dry  be 
used.  This  procedure  was  followed  and  particulate  contamination 
was  greatly  reduced.  The  automatic  scrubber  was  used  as  part  of 
the  manufacturing  process  in  July  1975.  User  reports  on  SOS 
devices  made  with  scrubbed  substrates  were  quite  encouraging, 
indicating  the  particulate  counts  were  greatly  reduced,  yields 
improved,  and  device  performance  improved.  At  Rockwell  Inter- 
national, comparison  of  two  lots,  reflecting  SOS  wafers  made 
prior  to  and  after  scrubber  installation,  gave  significantly 
different  leakage  currents  as  reported  in  Reference  1.  Rockwell 
CMOS/SOS  Lot  A had  higher  leakage  current  values,  and  wafers  from 
this  lot  were  fabricated  prior  to  the  scrubber  installation  at 
DCC . Rockwell  CMOS/SOS  Lot  B had  lower  leakage  current  values 
and  was  made  after  the  scrubber  installation.  Other  users 
reported  improved  yields  and  successful  fabrication  of  devices  at 
the  LSI  complexity  level.  Table  3-2  lists  the  p re - ep i t a x i a 1 
procedure  used  at  that  time. 


1.  RADC -TR - 76 - 20 8 , Interim  Technical  Report,  "Investigation  of 
Defects  and  Impurities  in  S i I i con -on -Sapph i re  , " July  1976 
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I.  Load  Cycle 

A.  Substrate  is  brought  from  cartridge  to  position  on  vacuum  chuck 
It.  Scrub  Cycle 

A.  Vacuum  chuck  lowers  into  scrubbing  position 

B.  Substrate  is  spun  at  selected  speed  while  held  in  place  by  vacuum  chuck. 

Spindle  range  is  0-10,000  RPM. 

C.  Revolving  roller-type  brush  contacts  spinning  substrate. 

D.  Liquid  detergent  is  applied  to  substrate  and  scrubbing  action  continues  for 
present  time.  Time  range  is  0-99  seconds. 

III.  First  Rinse  Cycle 

A.  Brush  contact  may  be  maintained  if  desired. 

B.  Rinse  solution  is  applied  to  spinning  substrate  and  continues  for  preset  time. 

IV.  Second  Rinse  Cycle 

A.  Rinse  solution  is  applied  to  spinning  substrate  and  continues  for  preset  time. 

V.  Dry  Cycle 

A.  High  speed  spin  of  substrate  is  continued  for  preset  time. 

B.  Dry,  filtered,  anti-sUtic  nitrogen  is  blown  onto  substrate  to  promote  drying  action. 


Figure  .1-1.  Automatic  Wafer  Scrubber 
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I'able  3-2.  Changes  in  F’re-Epitaxial  Cleaning  Procedure- 

July  1975 

Pre-Epitaxy  Cleaning  Procedure 

I.  Automatic  Substrate  Scrub 

A.  Transfer  substrates  to  scrubber  cartridge 

B.  Load  substrate  cartridge  into  scrubber 

1.  Scrub  cycle  - brush  scrub  spinning  substrate  with 
detergent -water  mixture 

2.  First  rinse  - dilute  NH.OH  rinse 

4 

3.  Second  rinse  - Isopropanol  rinse 

4.  Dry  - High  speed  spin  with  blowing  dry  nitrogen 

C.  Unload  substrate  cartridge  with  cleaned  substrates  and  store 
in  Laminar  Flow  Hood, 

D.  Load  substrates  onto  susceptor,  using  dry,  filtered,  anti-static 
nitrogen  to  blow  off  surface. 


The  second  area  of  surface  cleanliness  improvement  was  the  more 
efficient  removal  of  polishing  compound  residues  and  loose  A1,0- 
particles  from  the  grinding  operation.  In-house  yields  in  the 
UCC  Epitaxial  Department  showed  that  polishing  compound  removal 
was  not  being  accomplished  efficiently  or  consistently.  Changes 
in  the  basic  procedure  occurred  from  September  through  November 
1975.  Some  of  the  solutions  investigated  efficiently  removed 
polishing  compound  residues,  but  contained  sodium,  I'hese  solu- 
tions were  replaced  since  users  were  quite  concerned  about  mobile 
ion  contaminants  remaining  on  the  surface  and  effecting  device 
properties.  By  November  1975,  all  solutions  known  to  contain 
mobile  ions  as  a majority  constituent  were  eliminated  from  the 
cleaning  procedure.  Table  3-3  lists  the  cleaning  procedure  as  it 
existed  in  September  1975  and  the  current  procedure  as  instituted 
in  November  1975  . 
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Table 


Changes  in  Substrate  Cleaning  Procedure- 
September  - November  1075 


Cleaning  Procedure 


September  1975  November  1975 

I.  Polishing  Residue  Removal  I.  Polishing  Residue  Removal 


A.  Experimental  acids,  bases, 
solvents 

II.  Gross  Contaminant  Removal 

A.  Ultra-sonic  agitation  of  deter- 
gent solution  at  80°C  for  15 
min. 

B.  D,  I.  water  rinse  for  15  min. 

III.  Chemical  Cleaning 

A.  Aqua  regia  acid  boil  for  15  min. 

B.  D.I.  water  rinse  for  15  min. 

C.  .Sulfuric  acid  at  80®C  for  15  min. 

D.  D.I.  water  rinse  for  15  min. 

IV.  Drying 


A.  Detergent  solution 

B.  Rinse  and  dry 

C.  Hot  solvent 

D.  Dry 

E.  Ultrasonic  agitation  of 
detergent  solution  at  80°C 

F.  D.I.  water  rinse 
II.  Chemical  Cleaning 

A.  Reducing  acid  - oxidizing  acid 

B.  D.I.  water  rinse 

C . Dry 


A.  D.I.  water  rinse  for  15  min.  D.  Ultrasonic  agitation  of 

B,  Spin  dry  in  warm,  dry  nitrogen  hot  solvent 

atmosphere 

V,  Pre-Epitaxial  Clean  E.  Dry 

A,  See  Table  3-2.  1.  See  Table  3-4. 
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Polishing  compound  residues  are  not  always  visible  prior  to  epi, 
and  thus  may  avoid  detection  until  a t'ilm  is  deposited.  After 
epi,  these  residues  appear  as  boat  marks  or  smears,  generally 
near  the  wafer  edge.  These  marks  or  smears  have  a gray,  cloudy 
appearance  and  the  pattern  suggests  that  the  cleaning  process  was 
inefficient.  It  was  thought  that  these  residues  may  be  the 
source  of  the  impurities  noted  in  Reference  1.  It  was  postulated 
that  these  imp  -ities  could  be  present  as  a result  of  inefficient 
polishing  comp'und  removal,  and  may  be  present  even  though  the 
tell-tale  marks  and  smears  are  removed.  Loose  AI2O3  particles  on 
the  surface  from  the  sapphire  fabrication  process  may  be  the 
source  of  A1  found  in  the  surface  analysis.  By  November  1975,  a 
process  was  established  that  is  believed  to  be  efficient  and  con- 
sistent in  removing  polishing  compound  residues  and  AI2O3 
particles  . 

The  third  area  of  surface  cleanliness  improvement  was  made  in 
cooperation  with  a major  user,  and  concentrated  on  surface 
residues  left  from  the  scrubber  cycle,  just  prior  to  epi.  This 
user  reported  wide  lot-to-lot  and  wa f e r - t o - wa f e r variations  in 
n-channel  leakage  currents,  with  wafers  delivered  prior  to  July 
1975  much  better  than  post-July  1975  deliveries.  Average  leakage 
values  were  less  than  10  nA/mil  for  the  older  lots,  while  post- 
July  lots  varied  from  10  to  300  nA/mil,  with  most  of  the  wafers 
in  the  lots  having  leakage  values  approaching  100  nA/mil. 
Associated  with  the  problem  of  high  leakage  currents  was  a pro- 
blem of  unstable  resistivity  values.  The  intrinsic  resistivity 
value  of  the  film  would  be  measured  immediately  after  deposition, 
and  a high  value,  >300  ohm-cm,  type  indeterminate,  recorded. 

After  shipment,  the  original  value  could  not  be  remeasured  on 
many  of  the  wafers.  In  some  cases,  the  original  value  could  be 
reproduced,  but  only  after  several  measurements.  Returned  wafers 
were  remeasured,  and  original  values  were  observed,  although 
spor adi ca 1 1 y . 

The  high  leakage  current  and  unstable  resistivity  pro clem  seemed 
to  occur  after  installation  of  the  wafer  scrubber.  Surfaces  were 
much  cleaner  visually,  having  very  few  particulates,  but  were 
postulated  to  have  cleaning  solvent  residues  that  affected 
electrical  properties.  The  recommended  final  isopropanol  rinse 
in  the  wafer  scrubber.  Table  3-2,  was  postulated  to  be  the  source 
of  these  residues.  At  this  point  in  time,  reports  from  bulk 
silicon  users  indicated  that  bulk  device  yield  and  elec^^rical 
parameters  were  being  affected  by  the  use  of  organic  solvents  in 
the  automatic  wafer  scrubber  cycles.  Efforts  were  begun  in 
November  1975  to  eliminate  these  residues,  and  still  produce 
par t i c 1 e - f ree  films.  The  wafer  scrubber  was  retained  as  part  of 
the  process,  since  this  was  necessary  for  particulate  removal. 


1.  RADC-TR-76-208 , Interim  Technical  Report,  "Investigation  of 

Defects  and  Impurities  in  S i 1 i con-on -Sapph ire , " July  1976 
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The  scrubber  cycle  was  modified  so  that  the  organic  solvent  rinse 
as  shown  in  Table  3-4  was  eliminated.  Another  final  cleaning 
process  was  designed  using  the  isopropanol  rinse  cycle  in  the 
scrubber,  but  adding  a boiling  oxidizing  acid  step,  followed  by  a 
deionized  water  rinse.  This  is  shown  in  Table  3-4,  alternate 
procedure.  These  tests  were  conducted  in  November  - December 
1975,  and  the  user  reported  greatly  improved  properties  of 
devices  made  with  the  acid-washed  wafers.  The  user  reports  that 
all  wafers  supplied  since  December  1975  have  had  very  low  leakage 
values,  from  1 to  5 nA/mil,  with  most  of  the  wafers  at  <2  nA/mil. 
All  of  these  substrates  had  been  acid  washed  to  oxidize  organic 
solvent  residues  on  the  surface.  For  substrates  that  had  been 
cleaned  using  a final  water  rinse  in  the  scrubber,  eliminating 
the  organic  solvent,  somewhat  higher  leakage  values  were 
attained,  from  17  - 30  nA/mil.  The  user  also  reported  that  as- 
received  resistivity  values  had  stabilized.  This  was  confirmed 
as  origin  ally -measured  values  were  reproducible,  and  values  were 
stable  over  long  periods  of  time. 

Since  December  1975,  no  organic  solvents  have  been  used  in  the 
final  cleaning  steps.  Since  this  time,  other  users  have  reported 
higher  device  yields,  lower  carrier  concentrations  (higher 
resistivity)  for  intrinsic  films,  stable  resistivity  values 
remaining  high  after  high- temperature  oxidation,  and  lower  leak- 
age current  values. 

3.1.2  Sapphire  Cleaning  Variations 

At  the  start  of  this  program  (January  1975),  cleanliness  of  the 
p r e - ep i t ax i a 1 surface  was  thought  to  be  of  critical  importance  to 
device  parameters.  Subsequent  evaluations  by  other  users  tend  to 
confirm  this  view.  Experimental  lots  7 - 9 were  designed  to 
study  the  pr e - ep i t axi a 1 cleaning  variations.  Experimental  Sets 
III  and  IV  were  designed  to  provide  additional  cleaning  action  or 
modification  of  the  s i 1 icon -sapphi re  interface. 

Three  variations  on  the  standard  sapphire  cleaning  procedure  were 
examined.  The  standard  procedure  uses  an  acid  wash  followed  by  a 
rinse  and  a scrub  cycle.  No  alcohol  is  used  in  the  rinse  or 
scrubber  cycles.  The  first  variation  on  this  procedure  uses 
isopropyl  alcohol  as  a final  rinse  in  the  scrubber  cycle.  The 
second  variation  was  to  first  clean  the  sapphire  using  isopropyl 
alcohol  in  the  scrubber  cycle  and  to  follow  this  with  an  acid 
wash  and  a rinse.  The  third  variation  was  to  eliminate  all 
detergents  and  organics  from  the  scrubber  cycle  in  the  otherwise 
standard  cleaning  procedure.  Thus,  experimental  lot  number  7 
reproduced  the  pre-epitaxial  cleaning  process  used  from  July  - 
November  1975,  as  listed  in  Table  3-2.  Experimental  lot  number  8 
reproduced  the  pre-epitaxial  cleaning  process  developed  in 
November  1975  for  one  particular  user,  and  is  detailed  in  Table 
3-4,  as  the  alternate  procedure.  Experi mental  lot  number  9 
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Table  3-4.  Changes  in  P r e - Kp  i t ax i a 1 Cleaning  Procedure- 

November  1975 


Standard  Procedure 
Pre -Epitaxy  Cleaning 

I.  Chemical  Cleaning 


Alternate  Proceduie 
Pre-Epitaxy  Cleaning 

1.  Chemical  Cleaning 


n. 


A. 

Oxidizing  acid  boil 

A. 

Same 

B. 

D.  1.  water  rinse 

B. 

Same 

C. 

Spin  dry  in  warm  dry 
nitrogen  atmosphere. 

C. 

Same 

Automatic  Substrate  Scrub 

11.  Automatic  Substrate  Scrub 

A. 

Load  substrate  cartridge 
into  scrubber 

A. 

Same 

1.  Scrub  cycle  - brush  scrub 

1.  Same 

spinning  substrate  with 
detergent -water  mixture 

2.  First  rinse  - dilute  NH^OH 

2.  Same 

rinse 

3.  Second  rinse  - D.  I.  water 

3.  Second  rinse  - 

Isopropanol 

4.  Dry  - high-speed  spin  with 

4.  Same 

blowing  dry  nitrogen 

III.  Chemical  Cleaning 

B. 

Unload  substrate  cartridge 

A. 

Oxidizing  acid  boil 

and  store  in  laminar  flow 
hood. 

B. 

D.  I.  water  rinse 

C. 

Load  substrates  onto  susceptor. 

C. 

Spin  dry  in  warm  dry 

using  dry,  filtered,  anti-static 

nitrogen  atmosphere 

nitrogen  to  blow  off  surface. 

D. 

Load  substrates  onto 

susceptor,  using  dry, 
filtered,  anti-static 
Nitrogen  to  blow  off 
surface. 
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generally  follows  the  standard  procedure  as  listed  in  Table  2-4, 
except  that  no  detergent  or  ammonia  or  alcohol  was  used  in  any  of 
the  scrubber  cycles.  Peionized  water  was  the  only  solvent  used 
in  the  scrubber.  In  the  following,  these  variations  will  be 
referred  to  as  I,  alcohol  final  rinse,  II,  alcohol  scrub-acid 
wash,  and  III,  no  detergents  or  organics. 

The  pre-epit axial  cleaning  variations  were  carried  out  as  shown 
in  Table  3-.S,  which  shows  substrate  lot  selection  and  experimental 
conditions  for  the  second  experimental  set.  Epitaxial  run 
identification  for  the  second  experimental  set  is  listed  in 
Table  3 - 6 . 

Two  epi  runs  were  needed  to  supply  five  wafers  for  lot  9.  A pro- 
blem occurred  at  this  time,  and  deposited  films  had  hazy  surfaces. 
Other  substrates  from  the  same  lot,  KC0084  , were  selected, 
cleaned  according  to  instructions,  and  epi'd.  Lot  9 consisted  of 
two  wafers  from  run  B12012906  and  three  wafers  from  B12013003. 

All  SOS  starting  material  for  Experimental  Set  II  were  fabricated 
in  accordance  with  the  standard  UCC  specifications,  with  the 
experimental  wafer  cleaning  variations  as  the  only  nonstandard 
variable  (the  process  variable  under  study). 

Following  cleaning,  the  wafers  were  spun  dry,  given  the  standard 
hydrogen  prefire,  and  intrinsic  (>700  ohm-cm)  silicon  was  grown 
to  a thickness  of  -0.75  um  using  standard  UCC  procedures.  As 
with  the  polishing  variations,  all  films  were  made  in  the  same 
reactor  (B1200)  using  the  same  silane  cylinder,  by  the  same 
operator,  during  two  consecutive  days. 

3.2  -Starting  Material  Kafer  Inspection  Results  - Lot  618 

Pre-processing  inspection  was  conducted  using  the  techniques 
described  in  Appendix  A.  A visual  scan  of  the  wafers  using  the 
Nomarski  filter  technique  revealed  no  scratches,  pits  or  bumps  in 
the  silicon  film.  There  was  no  noticeable  difference  in  the 
general  texture  of  the  silicon  film  from  wafer  to  wafer. 

The  results  of  IR  spectrophotometer  measurements  and  sodium  ligl'.t 
topographs,  as  shown  in  Table  3-7,  showed  a typical  silicon  film 
thickness  variation  of  1.8  7.8  A--the  smallest  1100  X and  the 
largest  2000  K.  The  film  was  generally  found  to  be  thinner  at 
one  edge  of  the  wafer  and  to  increase  in  thickness  in  a monotonic 
manner  toward  the  opposite  edge.  There  was  no  indication  of  a 
"ripple  effect"  of  alternately  thinner  and  thicker  silicon.  The 
average  film  thickness  on  wafers  in  lot  618  was  0.745  Um. 


Table 


3-5  . 


Pre-Epitaxial 


Chemical  Cleaning  Variations 


VABIATIOW  I 


SiUct  5 substritti  for  Exp. 

Lot  No.  7.  Do  finti  pro-opiuxiil 
cfoinini  iccordini  to  following: 
Dittf|«nt  scrub 
NH4OH  rioM 
Isoproptnol  rinse 
Spin  dry 

Loid  into  reactor  and 
deposit  films  for  Lot  No.  7 


EXPERIMENTAL  SET  II 


Substrate  Lot  KC0084 


VARIATION  II 

Select  5 substrates  for  Exp. 

Lot  No.  B.  Oo  final  pra-epitaxial 
cleaning  according  to  following: 
Datargent  scrub 
NHgOH  rinse 
Isopropanol  rinse 
Spin  dry 

Oxidizing  acid  boil 
0.1.  water  r-nse 
Spin  dry 

Load  into  reactor  and  deposit 
films  for  Lot  No.  8 


VARIATION  III 


Select  S substrates  for  E xp. 

Lot  No.  9.  Do  final  pre^apitaxial 

cleaning  according  to  following: 

No  detergent  scrub 

No  NH4OH  rinse 

Use  H2O  only  in  scrubber  cycles 

No  Isopropanol  rinse 

Spin  dry 

Load  intc  reactor  and  deposit 
films  for  Lot  No.  9 
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Table  3-6. 


Experimental  Set  II  Identification 


Experimental 
Lot  No  . 

Wa  f e rs 

Substrate  Lot 

Experimental 

Conditions 

Epitaxial 
Run  No. 

7 

5 

KC0084 

Alcohol  Rinse 

B1 201 3004 

8 

5 

KC0084 

Acid  Wash 

B1 201 3001 

9 

5 

KC0084 

Water  Scrub 

B12012906  (2) 
B12013003  (3) 

Table  3-7.  Wafer  Inspection  Prior  to  Device  Fabrication 


Wafer 
No . 

No.  of 
Fringes 

Minimum 
Thi ckness  , y 

Maxi  mum 
Thickness  , 

618, 

1 

1 

. 4 

0 , 

,71 

0 , 

, 82 

618, 

2 

2 , 

. 1 

0 , 

,67 

0 , 

. 84 

618, 

3 

1 , 

. 8 

0 , 

,68 

0 , 

.82 

618, 

4 

2 , 

. 0 

0 , 

.65 

0 , 

, 81 

618, 

5 

2 

. 3 

0 , 

, 64 

0 . 

, 82 

618, 

6 

2 , 

. 1 

0 , 

, 66 

0 , 

, 83 

618. 

7 

1 , 

,4 

0 , 

,71 

0 . 

82 

618. 

8 

1 , 

, 6 

0 . 

,68 

0 , 

,81 

618  , 

9 

2 

, 2 

0 . 

, 66 

0 , 

. 84 

618  , 

10 

2 , 

. 5 

0 , 

, 65 

0 . 

, 85 

618, 

1 1 

1 , 

. 8 

0 . 

, 68 

0 . 

8 3 

618, 

12 

2 , 

, 4 

0 . 

,61 

0 . 

, 80 
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3.3  ['  c V i c c I-  a b r i c a t i 0 n - Lot  618 

Four  wafers  from  each  of  the  three  cleaning  variations  were  pro- 
cessed in  one  12-wafer  lot,  designated  lot  618.  There  were  no 
"standard"  wafers  in  this  lot,  all  having  been  cleaned  using  some 
variation  from  the  standard  cleaning  procedure.  CMOS  inverter 
circuits  CTOOy.SR)  were  fabricated  on  these  wafers  as  outlined  in 
Appendix  B.  Processing  on  this  lot  was  done  in  the  Rockwell 
Hard  MOS  Wafer  Processing  Lab.  Hue  to  a malfunction  in  the  ion 
implanter,  the  deep  boron  implant  (200  keV')  could  not  be  per- 
formed in  the  usual  manner.  As  the  implanter  would  not  run  at 
20  0 k\',  it  was  set  for  10  0 kV  and  the  ion  source  set  to  supply 
doubly  ionized  boron  instead  of  the  singly  ionized  boron  normally 
used.  Other'  se  the  process  was  completely  normal.  Only  one 
wafer,  618. i as  broken  during  processing.  The  wafer  numbers 

corresponding  to  the  different  sapphire  cleaning  variations  are 
tabulated  in  Fable  3-8.  The  broken  wafer  is  not  listed. 

Table  3-8.  Lot  618  Wafer  Identification 

W a f e r N’  o . Cleaning  Procedure 

6 18.1 
6 18.2 
6 18.3 
6 18.1 
6 18.5 
618.6 

618.7 

618.8 

618.9 

618.10 

618.11 


I Alcohol  final  rinse 

l» 

M 

II  Alcohol  scrubber  followed  by  acid  wash 

» t 
1 1 
M 

III  No  detergents  or  organics 
1 1 

M 
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3.4  Wafer  Probe  Results  - Lot  618 

The  wafers  were  probed  and  the  resulting  data  mapped  and  sorted, 
and  yields  were  calculated  as  described  in  Appendix  C.  . The  wafer 
maps  did  not  show  local  variations  in  number  or  type  of  failure, 
except  in  two  cases  where  a very  high  leakage  current  failure 
rate  was  noted  in  one  corner  of  the  mapped  area  of  wafer  618.1 
and  in  two  corners  of  wafer  618.11.  Because  these  areas  are  very 
near  tlie  edges  of  the  wafer,  these  failures  are  attributed  to 
handling  damage  to  the  wafer. 

The  yield  on  the  wafers  of  this  lot  was  much  better  than  the 
previous  lot  (610^.  The  yield  results  are  shown  in  Table  3-9. 

It  is  apparent  that  the  alcohol  final  rinse  (cleaning  procedure 
1)  is  detrimental  to  the  yield  of  both  n-  and  p-channel  tran- 
sistors, with  channel  leakage  being  the  major  failure  mode. 
Cleaning  procedure  II  (alcohol  scrub  followed  by  acid  wash) 
appears  to  give  slightly  better  yields  than  III,  thus  suggesting 
that  the  use  of  detergents  and  organics  is  advantageous  and  that 
tbe  harmful  effects  of  alcohol  are  removed  by  an  acid  wash. 
Unfortunately,  the  limitations  of  lot  size  to  12  wafers  mitigated 
against  including  wafers  cleaned  with  the  standard  process  in 
tliis  lot,  so  no  yield  comparison  with  the  standard  clean  is  made. 
It  was  hoped  that  lot-to-lot  processing  variations  would  be 
sufficiently  small  to  permit  some  yield  comparison  with  the 
standard  wafers  in  the  other  lots,  but  this  was  not  the  case. 

The  results  of  sorting  the  various  measurements  are  shown  in  the 
distribution  curves  of  Figures  3-2  to  3-5.  As  with  lot  610,  the 
leakage  currents  fall  either  within  the  rather  narrow  distri- 
butions shown  on  Fieure  3-2  or  they  are  beyond  200  nA.  Again 
the  gate  leakages  were  essentially  all  either  less  than  200  nA 
or  greater  than  2 a A and  are  not  plotted.  As  only  three  wafers 
were  tested  for  cleaning  procedure  III  (no  detergents  or 
organics),  the  distribution  curves  arc  lower  in  height  than  for 
procedures  I and  II  where  four  wafers  were  tested.  The  greatest 
difference  between  the  results  of  the  various  cleaning  pro- 
cedures occurs  in  the  voltage  drop  at  3 mA  load  where  cleaning 
procedure  1 (alcohol  final  rinse)  shows  a narrower  distribution 
peaked  -50  mV  above  the  other  two  cases.  In  all  the  above  oases, 
the  di f f erenaes  in  the  measured  device  parameter  values  due  to 
the  different  sapphire  cleaning  procedures  are  not  great  enough 
to  significantly  impact  device  performance . 

Measurements  of  field-effect  mobility  were  taken  at  several 
locations  on  each  wafer  using  the  test  devices  located  between 
4007SR  dice  on  alternate  rows  of  the  wafer.  The  results  are 
shown  in  Table  3-10.  Mere  it  appears  that  cleaning  procedure 
III  (no  detergents  or  oganics  offers  a definite  advantage  in 
field-effect  mobility  in  both  n-  and  p-channel  transistors. 
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Me  3-9.  Yield  Results  Fron  Lot  618  - Sapphire  Cleaning  \'ariations 

Vumhers  shown  are  nuinhers  of  failures. 


6 


ALCOHOL  FINAL  RINSE 


LEAKA6E  CURRENT  (rA) 

Figure  3-2.  Effect  of  Sapphire  Cleaning  on  Drain  Leakage 
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V0LTA6E  DROP  (VOLTS) 


I.  ALCOHOL  FINAL  RINSE 

II.  ALCOHOL  tCRUS- AGIO  WASH 


THRESHOLD  VOLTA6E  (VOLTS) 


Table  3-10.  E;ffect  of  Sapphire  Cleaning 
on  Field-Effect  Mobility 


Sapphire  Wafer 

Clean  N umb  e r 


Average  Field-Effect  Mobility  (cm^V~ ^ sec ~ ^ ) 
p - ch  ann  e 1 n-channel 


I 

618.1 

225.0 

405 . 5 

Alcohol 

618.2 

244  . 2 

353.6 

Final 

618.3 

2 32  .5 

340.5 

Rinse 

Average 

2TT7?T 

366 . 5 

1 1 

618.5 

196.7 

408.8 

Alcohol 

618.6 

192.8 

387  . 1 

Scrub  - 

618.7 

197.1 

4 10.5 

Acid 

618.8 

193.7 

3 8 8.6 

Wash 

Average 

rSTTT 

5^6.8 

1 I I 

618.9 

301.1 

4 85.4 

No 

618.10 

2 32.3 

361.8 

Pet  ergent  s 

618.11 

257.5 

4 16.1 

or  Organics 

Average 

4 21.1 

3.5  Stability  in  Co^^  Environment  - Lot  618 

The  Co^®  testing  was  done  as  described  in  Appendix  0.  Pice  to  be 
tested  were  selected  on  the  basis  of  the  failure  maps  generated 
from  the  wafer  probe  data  and  were  taken  from  three  locations  on 
each  wafer  to  examine  the  effects  of  Si  film  thickness.  Radia- 
tion-induced threshold  shifts  are  shown  in  Table  3-11  for  the 
different  sapphire  cleaning  variations.  The  numbers  shown  are 
the  average  of  three  devices  for  each  wafer  and  are  the  maximum 
shift  observed,  which  usually,  but  not  always  for  n-channel 
transistors,  occurred  at  the  maximum  dose  used  (10^  rads).  The 
threshold  shifts  for  lot  618  are  all  somewhat  less  than  for  lot 
610,  indicating  better  processing  on  lot  618.  The  results  of 
Table  3-11  indicate  that  cleaning  procedure  III  (no  detergents 
or  organics)  leads  to  a slight  improvement  in  radi a t i on - induced 
threshold  shift  on  p-channel  transistors  over  the  other  two 
cleaning  procedures.  This  advantage  is  only  on  the  order  of  10% 
and  is  somewhat  questionable,  in  view  of  the  poor  statistics  in 
the  case  of  positive  bias  where  there  are  results  from  only  two 
wafers  using  cleaning  procedure  III. 

Rad i at i on - i nduced  n-channel  leakage  currents  are  shown  in  Table 
3-12.  The  maximum  leakage  current  (measured  at  Vgs  = -10  V, 

Vp  ■ +10  V)  often  occurred  at  doses  below  1 megarad,  in  which 
cases  the  maximum  value  is  tabulated  instead  of  the  1 megarad 
value.  The  maximum  leakage  current  always  occurred  at  a 
radiation  bias  of  Vp  » +10  V,  Vgs  = 0.  Also  shown  is  the  initial 
thickness  of  the  silicon  film  at  the  location  on  the  wafer  from 
which  the  device  was  taken.  In  terms  of  radiation-induced 
leakage,  the  cleaning  procedures  are  clearly  ranked  II,  III,  I, 
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Table  .^-11.  tffect  of  Sapphire  Clean  on 

Radiation. Induced  Threshold  Shift 


Sapphire 

Clean 

Wafer 
Numb  e r 

N -Channe 1 

AVi" 

P-Channel  M'-j 

V”  ' ^rTO'  V V 
' 1 

G = 

T 

= -10 

T V-  = *in  V 
1 1 

I 

6 18.1 

-0.08 

-0.58 

-0.57 

-2.42 

A 1 c 0 h 0 1 

618.2 

-0.06 

-0.21 

-0.39 

- 1 .60 

Final 

618.3 

-0.08 

-0.58 

-0.58 

-2.12 

Rinse 

6 18.4 

-0 .05 

-0.27 

-0.47 

-2.19 

Average 

-0.07 

-O.T,n 

TTTnr 

I I 

6 1 8 . .S 

-0.05 

-0.26 

-0.49 

-2.31 

Alcohol 

6 18.6 

-0.11 

-0.52 

-0.72 

-2.49 

Scrub  - 

618.7 

-0.10 

-0.49 

-0.60 

-2.12 

Acid 

618.8 

-0 . 09 

-0.18 

-0.40 

-1.55 

b'a  s h 

Average 

-0 . 09 

-O'.  .U 

I I I 

618.9 

-0.07 

-0.23 

-0.37 

-1.55 

No 

618.10 

-0.07 

-0.42 

-0.53 

-2.13 

Detergent  s 

618.11 

-0 . 08 

-0.37 

-0.46 

- 

or  Organics  Average 

- 0 . 0 7 

-0 . 34 

“(T.Tir 

-1.84 

with  II  (alcohol  scrub 

followed  by 

acid  wash) 

8 i 

V i n g a 

factor  of 

four  less 

leakage  than 

1 (alcohol  final  rinse) 

It  is 

interest- 

ing  to  note  that  while 

the  maximum 

radiation-induced  leakage  is 

usually  a 

decreasing  function  of  si 

1 i con  film 

thickness 

(as  in 

lot  610), 

this  was  not 

the  case  for 

wafers 

618 

. 1 

, 618.3,  and 

618.6.  In  the  first  two  cases,  inspection  of  the  drain  current 
versus  gate  voltage  curies  showed  that  while  the  leakage  at  0.1  V 
on  the  drain  did  show  the  normal  leakage  versus  silicon  thickness 
behavior,  the  measurements  at  a drain  voltage  of  10  V showed  the 
reverse  behavior. 

To  further  understand  the  anomalous  leakage  current  behavior,  on 
all  the  subsequent  measurements  (following  618.3),  the  n-channel 
leakage  current  was  measured  as  a function  of  drain  voltage  with 
^GS  ■ ^ following  each  radiation  exposure.  A result  typical 

of  wafer  618.4  is  shown  in  Figure  3-6.  The  striking  feature  of 
these  curves  is  that  the  3 x 10^  rads  curve  completely  lost  the 
shape  characteristic  of  a normal  channel,  but  that  the  normal 
shape  returned  to  the  curve  after  10^  rads.  This  behavior  was 
not  seen  on  wafers  from  the  other  two  cleaning  procedures,  and  is 
believed  to  he  due  to  impurities  left  at  the  s i 1 i con - s apph i re 
interface  by  the  alcohol  final  rinse. 


52 


Table  3-12.  F, ffect  of  Sapphire  Clean  on 
Radiation- Induced  Leakage 


Sapphire  Si 


Clean 

Wafer 

Device 

Leakage(uA) 

Dose (rads) 

Thickness  (ij  m) 

1 

618.1 

2008 

259 

3 

X 

10^ 

.73 

Alcohol 

2020 

183 

1 

X 

1 0<> 

. 78 

Final 

2130 

30  8 

1 

X 

1 0^ 

. 80 

Rinse 

618.2 

0720 

15.9 

3 

X 

10^ 

. 8 3 

2018 

75 

1 

X 

1 of> 

. 78 

3118 

181 

1 

X 

1 0^ 

. 71 

6 1 8 . .3 

2008 

261 

1 

X 

1 0^ 

. 80 

2120 

152 

1 

X 

1 0^ 

. 78 

2 1 30 

2 35 

1 

X 

1 0^ 

. 74 

618.4 

0 70  8 

6 85 

1 

X 

10^ 

. 65 

1 720 

2 20 

1 

X 

1 o5 

. 72 

3130 

1 1 8 

1 

X 

1 o5 

. 78 

Average 

m — 

1 I 

618.5 

0 708 

74  .4 

1 

X 

10^ 

. 64 

A 1 c 0 h 0 1 

2020 

4 6.6 

1 

X 

10^ 

. 7 5 

Scrub- 

3130 

47.4 

i 

X 

1 o5 

. 78 

A c i d 

6 18.6 

0 7 30 

52.1 

3 

X 

10^ 

.81 

Wash 

2030 

37.0 

1 

X 

10^ 

. 72 

30  30 

10.4 

1 

X 

1 0^ 

.67 

618.7 

2008 

123.6 

1 

X 

1 0^ 

. 72 

2020 

93 .6 

1 

X 

10^ 

.77 

2 0 30 

113.9 

1 

X 

1 0^ 

. 79 

618.8 

0720 

8 . 6 

1 

X 

106 

. 80 

2020 

17.7 

1 

X 

10^ 

. 75 

302  0 

34 . 6 

1 

X 

1 o5 

. 70 

Average 

"TS — 

1 I I 

618.9 

0720 

252 

1 

X 

10^ 

.67 

No 

2020 

103 

1 

X 

1 0^ 

. 80 

Detergents 

3120 

36 . 2 

1 

X 

1 0^ 

. 83 

0 r 

618.10 

0710 

177 

1 

X 

10^ 

.65 

Organics 

14  14 

107.5 

3 

X 

105 

. 73 

1818 

77 . 4 

3 

X 

10^ 

.78 

2424 

48.0 

1 

X 

10^ 

. 82 

3026 

12.1 

1 

X 

10^ 

.85 

618.11 

2008 

78.2 

3 

X 

1 0^ 

. 79 

2118 

1 34 

1 

X 

10^ 

. 76 

2030 

237 

1 

X 

10^ 

. 71 

TT?T 


Average 


Figure  3-6.  Radiation  Induced  N-Channel  Leakage  Characteristics  for 
Device  1720  on  Wafer  618.4  (I.  Alcohol  Final  Rinse) 


S.(i  Stability  Under  B i as -Temperat  lire  Stress  - Lot  618 

These  measurements  were  done  on  two  dice  from  each  wafer  as 
described  in  Appendix  E.  The  results  are  summarized  in  Table 
S-13.  Although  changes  induced  by  the  bias  temperature  stress 
were  small,  they  were  larger  for  both  cleaning  procedures  I and 
II  and  smaller  for  cleaning  procedure  III  than  had  been  observed 
for  the  wafers  using  the  standard  cleaning  procedure  in  the 
polishing  variation  experiments.  Also  for  cleaning  procedure  II 
(alcohol  scrub  - acid  wash),  a considerable  number  of  transistors 
were  destroyed  (loss  of  transistor  action)  by  the  bias  tempera- 
ture stress.  Thus,  it  is  apparent  that  cleaning  procedure  III  is 
distinctly  superior  to  either  I or  II  under  B-T  stress.  While  it 
is  clear  that  the  alcohol  final  rinse  is  detrimental  to  the  bias 
temperature  stability  in  regard  to  threshold  voltage  shift, 
transconductance,  and  drain  leakage,  it  is  not  clear  whether  it 
is  the  use  of  alcohol  or  the  use  of  the  acid  as  a final  wash 
which  has  led  to  the  poor  results  of  cleaning  procedure  II.  It 
is  felt  that  the  single  device  from  wafer  618.11  exhibiting  a very 
high  drain  leakage  following  B-T  stress  should  be  regarded  as  an 
anomally  and  that  cleaning  procedure  III  is  the  preferred  one 
from  the  b i a s - t empe ra ture  standpoint. 

3.7  Sapphire  Clean  Results 

The  most  definite  feature  of  the  sapphire  clean  data  is  that 
cleaning  procedure  I (alcohol  final  rinse)  yields  the  least 
desirable  results  on  most  parameters  measured--namely,  yield, 
voltage  drop,  n-channel  field-effect  mobility,  r ad i at i on  - i nduc ed 
threshold  voltage  shift,  on  n-channel  transistors,  and  radiation 
induced  n-channel  leakage.  The  choice  between  cleaning  pro- 
cedures II  and  III  then  rests  with  which  parameters  are  con- 
sidered most  important.  Thus,  cleaning  procedure  II  (alcohol 
scrub  followed  by  an  acid  wash)  provided  slightly  better  yield 
and  significantly  lower  r ad i at i on - i nduced  n-channel  leakage  than 
III,  while  giving  the  lowest  p-channel  field-effect  mobility  and 
highest  p-channel  threshold  shift  of  the  three  cleaning  pro- 
cedures, and  exhibiting  inferior  stability  plus  some  complete 
failures  under  b i as -t empe ra ture  stress.  Cleaning  procedure  III 
(no  detergents  or  organics),  on  the  other  hand,  provided  the  best 
field-effect  mobility  for  both  n-  and  p-channel  transistors  and 
also  showed  the  lowest  radiation-induced  threshold  voltage  shifts 
and  best  bias -temperature  stability.  From  the  standpoint  of 
radiation  hardening,  however,  the  r ad i at i on - i nduced  n-channel 
leakage  advantage  of  cleaning  procedure  II  would  outweigh  the 
small  threshold  shift  advantage  of  cleaning  procedure  111.  No 
comparison  with  the  standard  cleaning  procedure  could  be  made  due 
to  processing  variations  in  other  lots  where  standard  wafers  were 
inc 1 uded . 

In  general,  it  appears  that  cleaning  procdure  I is  detrimental  to 
n-channel  transistors,  while  cleaning  procedure  II  is  somewhat 
detrimental  to  p-channel  transistors  and  generally  beneficial  to 
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MAXIMUM  MAXIMUM  DRAIN 

SAPfHIRE  WAFER  DEVICE  MAXIMUM  THRESHDLD  SHIFT  TRANSCDNDUCTANCE  LD5S LEAKAGE  

CLEAN  NUMBER  NUMBER  ^VyCVOLTSI  I TYPE  I BIAS  AGuS  I tyPE  I BIAS  Ini  (.  A)  f TYPE  I BIAS 


n-channels.  In  any  case,  it  is  apparent  that  the  detrimental 
effects  of  alcohol  in  the  cleaning  procedure  are  largely  removed 
by  the  use  of  an  acid  final  wash.  The  acid  final  wash  may  offer 
its  own  advantages  in  terms  of  the  silicon-sapphire  interface, 
possibly  etching  the  sapphire  somewhat  or  removing  polishing 
debris  to  produce  a roughened  surface.  This  would  be  in  agree- 
ment with  the  sapphire  polish  findings  where  the  inferior  polish 
produced  the  best  n-channel  transistors.  Unfortunately,  the 
scope  of  this  program  is  not  sufficient  to  include  combinations 
of  polish  and  cleaning  to  see  if,  for  example,  the  apparent 
advantages  of  a slightly  rough  sapphire  surface  in  terms  of  back- 
channel  effects  on  n-channel  transistors  could  be  combined  with 
the  advantages  of  removing  detergents  and  organics  in  terms  of 
field-effect  mobility  and  radiation-induced  threshold  shifts. 
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In  the  standard  UCC  SOS  fabrication  procedure,  the  last  treatment 
of  the  sapphire  before  silicon  growth  is  an  annealing  step  in  the 
presence  of  hydrogen  gas.  This  step  is  usually  known  as  liydrogen 
p re  fire.  The  purpose  of  the  prefire  step  is  to  etch  off  a small 
amount  of  the  sapphire  wafers,  removing  material  damaged  during 
polishing,  and  providing  a fresh  surface  upon  which  to  grow  the 
epita.xial  silicon.  In  order  to  establish  the  optimum  degree  of 
prefire,  it  was  decided  to  examine  the  effect  of  different  hydro- 
gen prefire  times  on  SOS  material  quality.  Also,  it  was  decided 
to  investigate  the  effect  of  a second  annealing  step,  in  the 
presence  of  a different  gas,  in  addition  to  the  normal  hydrogen 
prefire.  The  additional  annealing  step  was  viewed  as  a supple- 
mentary cleaning  process,  and  so  occurred  after  the  regular  clean- 
ing procedure  and  immediately  before  the  hydrogen  prefirc.  The 
annealing  ambients  chosen  were  HCl  gas  and  oxygen  gas,  each  of 
which  is  expected  to  react  with  different  types  of  impurities. 

The  SOS  wafers  used  in  these  experiments  were  from  the  second 
group  of  waf ers  described  in  Table  1-2.  This  group  incorporated 
four  variations  in  the  pre -ep i t axia  1 annealing  procedure  including 
two  variations  in  the  duration  of  the  hydrogen  anneal  or  prefire 
and  two  variations  in  the  gas  ambient  in  an  additional  annealing 
step.  The  standard  hydrogen  prefire  cycle  is  carried  out  in  the 
same  reactor  as  the  silicon  growth  for  a period  of  five  minutes  at 
a temperature  of  115fl°C.  This  first  variation  on  this  procedure 
was  to  extend  the  duration  to  30  minutes,  and  tlie  second  variation 
was  to  reduce  the  time  to  zero  minutes.  The  third  variation  was 
to  anneal  the  sapphire  substrates  in  an  atmosphere  of  oxygen  (Ot) 
for  16  hours  at  ]100°C  immediately  before  placing  them  in  the 
reactor  for  a normal  (5-rainute)  hydrogen  prefire  and  silicon 
epitaxy.  The  fourth  variation  was  to  place  the  sapphire  sub- 
strates in  the  reactor  and  treat  them  in  llCl  gas  at  800°C  and  two 
litres  per  minute  for  a period  of  two  minutes  prior  to  a normal 
hydrogen  prefire  and  silicon  epitaxy. 

All  the  films  in  the  second  group  were  made  by  the  same  operator 
in  the  same  reactor  (A1200),  using  the  same  silane  cylinder  and 
on  consecutive  days.  The  reactor  and  silane  cv'linder  were  both 
different  than  used  for  the  first  group  of  wafers.  Two  different 
sapphire  boules  were  used  in  the  second  group  of  wafers.  For  each 
of  the  four  p r e - e p i t a x i a 1 anneal  variations,  five  wafers  were 
taken  from  houle  KC0084  and  seven  were  from  houle  KC00133.  Since 
all  the  wafers  from  the  first  group  were  from  boule  KC0084  , the 
experiments  described  in  this  section  were  also  done  on  wafers 
from  this  boule.  As  before,  the  silicon  films  were  intrinsic  and 
-0.75  urn  thick. 


sr, 


4.1  Hydrogen  P re  fire  ii  xp  e r i men  t s 

4.1.1  Technical  Approach  and  Rationale 


Several  years  ago,  long  h i gh - t e mpe r a t ur e prefires  were  necessary 
to  remove  polishing  damage  in  the  substrate,  in  order  to  deposit 
single-crystal  films.  As  polisliing  techniques  developed,  polish- 
ing damage  was  minimiaed,  allowing  shorter,  lower  temperature  pre- 
firing cycles.  Kith  the  development  of  the  chemical  - mechanical 
polish,  it  was  found  that  hydrogen  p re  fires  were  not  necessary  to 
obtain  high-qualit\’,  single-crystal  silicon  films. 

At  Union  Carbide,  the  hydrogen  prefire  has  always  been  a part  of 
the  standard  epitaxial  procedure.  The  time  and  temperature  have 
been  reduced  as  the  polishing  quality  has  improved.  The  prefire 
has  been  retained  as  it  is  felt  that  it- performs  a beneficial 
light  etch  and  cleaning  step.  Various  experiments  have  been  made 
in  cooperation  with  several  SOS  users,  attempting  to  determine 
the  effect  of  eliminating  the  prefire  cycle  on  device  parameters. 
These  experiments  were  not  conclusive,  and  it  is  felt  that  other 
parameters,  probably  surface  cleanliness,  interfered  with  these 
tests.  One  user  has  requested  that  Union  Carbide  continue  to 
supply  wafers  using  a hydrogen  prefire  of  at  least  five  minutes 
at  1150°C.  This  user  insists  on  a hydrogen  prefire,  as  he  has 
identified  this  as  critical  to  device  performance.  He  states 
that  several  lots  of  wafers  received  from  another  vendor  gave 
devices  with  unacceptable  electrical  properties.  Investigation 
revealed  that  this  vendor  had  not  used  a hydrogen  prefire  cycle 
when  making  these  wafers.  Correspondingly,  wafers  from  Union 
Carbide  gave  devices  with  acceptable  electrical  properties,  having 
been  prepared  with  the  standard  prefire  cycle.  At  that  time,  the 
hydrogen  prefire  cycle  used  at  Union  Carbide  was  5 minutes  at 
1150°C.  This  cycle  was  established  as  standard  and  has  been  con- 
tinued through  the  present  time. 

It  was  felt  that  the  prefire  cycle  should  be  examined  in  this 
program  and  wafers  were  fabricated  with  variations  of  time  and 
temperature.  It  has  been  postulated  that  the  hydrogen  prefire 
contributes  to  autodoping  of  M into  the  silicon  film,  especially 
during  the  first  stages  of  nucleation  and  growth.  The  effect  of 
the  prefire  cycle  on  device  parameters  has  not  been  reported,  and 
it  was  hoped  that  this  program  might  indicate  the  relative 
importance  of  the  prefire. 

The  substrate  lot  selection  and  variations  in  hydrogen  prefire 
conditions  are  given  in  Table  4-1.  Hpitaxial  run  identification 
for  this  third  experimental  set  is  listed  in  Table  4-2. 

The  hydrogen  prefire  cycle  is  done  in  the  same  reactor  used  for 
film  deposition.  Deposition  immediately  follows  the  prefire  cycle, 
so  that  substrates  are  not  exposed  to  any  atmosphere  other  than 
hydrogen  from  the  start  of  the  prefire  cycle  to  po s t -depo s i t i on 
cooling.  In  practice,  substrates  are  loaded  onto  the  susceptor  in 
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Tal'  1 c 


Hvdroi'en  1‘rcf'ire  \ .iriations 


1 - 1 . 


EXPERIMENTAL  SET  III 


Select  2 substrates  from  KC00133 
lor  Lot  5b,  Set  I Standard  Final 
Clean  Load  into  reactor  and 
deposit  film  using  standard 
pre  fire  cycle  of  5 min  at  1150°C. 


Substrate  Lot  KC0084 
Substrate  Lot  KC00133 


Select  5 substrates  from  KC0084 
for  Lot  11a.  Select  7 substrates 
from  KC00133  tor  Lot  11b.  Do 
standard  final  clean.  Keeping 
lots  separate,  load  into  reactor 
and  deposit  film  without  the 
pre  fire  cycle 


t t 


Select  5 substrates  from  KC0084 
for  Lot  12a.  Select  7 substrates 
from  KC00133  for  Lot  12b. 
Keeping  lots  separate,  load  into 
reactor  and  deposit  film  with  a 
pre  fire  cycle  of  30  min  at 
1150“C. 


Tahle  t-2.  Experimental  Set  111  Identification 


Epit  axial 


).  Lot  No. 

Wafers. 

Substrate  Lot 

Exp.  Conditions 

Run  No. 

6b 

2 

KC00133 

Standard 

A12050605 

1 la 

5 

KC0084 

No  pre-fire 

A12050508 

lib 

7 

KC00133 

No  pre-fire 

A12050603 

12a 

5 

KC0084 

30  min.  at  1 150°C 

A12050606 

12b 

7 

KC00133 

3 0 min.  at  1150®C 

Ai20506l  1 
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tlie  reactor.  A bell  jar  covers  the  susceptor  and  nitrogen  is 
used  to  purge  all  entrapped  air  from  the  system.  After  the  purge, 
h\drogen  is  introduced,  at  flow  rates  approaching  80  liters  per 
minute.  The  substrates  are  heated  to  ll.S0”C,  held  at  temperature 
for  the  s]iecified  time,  then  cooled  in  the  hydrogen  atmosphere  to 
the  deposition  temperature,  and  the  silicon  film  is  deposited. 

After  deposition,  films  are  partially  cooled  in  the  hydrogen 
atmosphere,  then  the  atmosphere  is  changed  to  nitrogen,  until  all 
hydrogen  is  purged  out  and  the  bell  jar  can  be  opened  to  air, 

l:.xccpt  for  the  p re  fire  step,  all  wafers  delivered  for  experimental 
Set  III  were  fabricated  in  accordance  with  the  standard  tJCC 
spec i f i cat  ions . 

4.2  Annealing  txperiments 

4.2.1  Technical  A p p r o ^c  h and  Rationale 

The  s i 1 i con  - s apph i re  interface  has  been  identified  as  extremely 
important  to  device  jierformance.  F’revious  experiments  were 
designed  to  study  surface  finish  quality,  cleanliness,  and  pre- 
fire effects  on  the  substrate  surface  and  subsequent  interface 
quality.  Those  experiments  used  variations  of  standard  quality 
or  procedures  currently  in  use.  lor  tltis  set  of  experiments, 
termed  annealing  experiments,  new  areas  were  investigated  that 
are  not  currently  a part  of  the  standard  wafer  fabrication  process. 

Two  approaches  were  attempted  to  change  the  surface  conditions  at 
the  interface.  One  approach  was  to  expose  the  substrate  to  an 
oxidizing  atmosphere,  just  prior  to  film  deposition.  It  was 
thought  that  this  atmosphere  may  affect  the  chemistry  of  the  sur- 
.'ace,  providing  an  oxygen-rich  composition  that  would  favorably 
affect  film  nucleation.  In  addition,  it  was  thought  that  any 
organic  residues  on  the  surface  would  be  oxidized  by  this 
atmosphere,  providing  very  clean  surfaces  prior  to  epitaxy. 

Oxygen  was  chosen,  since  it  should  be  most  efficient. 

The  other  approach  was  to  expose  the  substrate  to  reducing  atmos- 
phere j)rior  to  film  deposition.  This  atmosphere  should  also 
affect  the  chemistry  of  the  surface,  providing  an  oxygen- 
deficient  surface  and  affecting  film  nucleation.  Additionally, 
this  reducing  atmosphere  would  provide  cleaning  action  just  prior 
to  epitaxy  that  would  he  quite  different  from  the  oxidizing 
atmosphere.  Gaseous  hydrogen  chloride  was  chosen  as  the  reducing 
atmosphere,  since  it  effectively  etches  sapphire  above  900°C. 

IICI  is  also  used  in  the  semiconductor  industry  as  a getter  for 
sodium  contaminants  on  surfaces,  so  that  an  llCl  pre-epi  anneal 
should  provide  a sodium-free  sapphire  surface  and  film  interface. 

Pour  lots  were  fabricated  with  oxygen  and  HCl  annealing  cycles. 
Oxygen  annealing  was  done  in  a diffusion  furnace  at  1100“C  for  16 
hours.  The  substrates  were  then  transferred  to  the  reactor  for 
deposition.  MCI  annealing  was  done  in  the  epitaxial  reactor  just 
prior  to  film  deposition,  so  that  the  substrates  were  not  exposed 
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to  oxygen  prior  to  film  deposition.  A temperature  of  800°C  was 
chosen  as  tests  showed  that  this  would  avoid  the  heavy  etching 
action  and  deteriorations  of  surface  finish  quality,  while  pro- 
viding cleaning  action. 

The  substrate  lot  selection  and  annealing  conditions  are  given  in 
the  flow  chart  of  Table  4-3.  Kpitaxial  run  identification  for 
this  fourth  experimental  set  is  listed  in  Table  4-4. 


Table  4-3.  Annealing  lixperiments 

EXPERIMENTAL  SET  IV 


Subftrite  Lot  KC0084 
Substrate  Lot  KC00133 


Select  S substrates  from  KC0084  tor 
Lot  16a.  Select  7 substrates  from 
KC00133  for  Lot  16b  Keeping  lots 
separate,  clean  substrates  with  standard 
procedura.  Load  into  diffusion  furnace 
and  anneal  at  1100'’C  in  O2  for  16  hours 
Remove  and  load  into  epitaxial  reactor 
Use  standard  hydrogen  pre-filter  cycle 
and  deposit  film. 


Select  5 substrates  from  KC0084  for 
Lot  17a.  Select  7 substrates  from 
KC001 33  for  Lot  17b.  Keeping  lots 
separate,  clean  substrates  using  standard 
procedure.  Load  into  reactor  and 
anneal  at  SOO^C  for  2 minutes  in  ffer 
at  2 liters  pet  minute.  Change  to  hydrogen 
atmosphere  and  do  standard  hydrogen 
pre  fire  cycle.  Deposit  film. 


Table  4-4.  fxperimental  .Set  IV  Identification 


Exp.  Lot  No. 

Wa  fers 

Substrate 

Lot  Exp.  Conditions 

Epitaxial 
Run  No. 

16a 

5 

KC0084 

16  hr.  in  ©2  ^ ll00°c 

A12050608 

I6b 

7 

KC00133 

16  hr.  in  at  1100°C 

A12050607 

17a 

5 

KC0084 

2 min.  in  HCl  at  800°C 

A12050609(2) 

A12050612(3) 

17b 

7 

KC00133 

2 min,  in  TCI  at  800°C 

A12050606 
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Two  epitaxial  runs  were  necessary  to  complete  lot  ITa.  Some 
substrates  selected  for  this  run  were  later  found  to  have  been 
contaminated  during  cleaning,  leaving  smears  and  boat  marks. 

Other  substrates  were  selected  and  used  to  complete  the  lot.  Two 
(2)  wafers  from  A12050609  were  used;  the  remainder  (3  wafers) 
were  from  A 12050612. 

The  oxygen  annealing  was  done  in  a quartz  tube  diffusion  furnace. 
I'ry,  pure  oxygen  was  used  at  a flow  rate  of  15  cubic  feet/ho ur. 
Substrates  were  heated  at  11()0°('  and  tield  at  temperature  for  16 
hours.  \fter  cooling,  the  substrates  were  loaded  into  the 
epitaxial  reactor  and  taken  through  the  standard  hydrogen  prefire 
cycle  prior  to  film  deposition. 

The  hydrogen  chloride  annealing  was  done  in  the  epitaxial  reactor. 
Substrates  were  loaded  into  the  reactor,  heated  to  800°C  while  in 
a hydrogen  atmosphere,  then  gaseous  IICl  was  introduced  at  a flow 
rate  of  2 liters  per  minute.  After  2 minutes,  the  flow  of  HCl 
was  extinguished,  and  the  heating  continued  in  hydrogen  through 
the  prefire  cycle  and  film  deposition. 

Except  for  the  anneal  step,  all  wafers  delivered  for  Experimental 
Set  IV  were  fabricated  in  accordance  with  the  standard  UCC 
speci f i cat  ions . 

4.3  Starting  Material  Wafer  Inspection  Results  - Lot  627 

Pre-processing  inspection  was  conducted  using  the  techniques 
described  in  Appendix  A.  A visual  scan  of  the  wafers  using  the 
Nomarski  filter  technique  revealed  no  scratches,  pits  or  bumps  in 
the  silicon  film.  There  was  no  noticeable  difference  in  the 
general  texture  of  the  silicon  film  from  wafer  to  wafer. 

The  results  of  the  IR  spectrophotometer  measurements  and  sodium 
light  topographs,  as  shown  in  Table  4-5,  showed  a typical  silicon 
film  thickness  variation  of  700  A,  the  smallest  200  A,  and  the 
largest  1800  K.  The  film  was  generally  found  to  be  thinner  at  one 
edge  of  the  wafer  and  to  increase  in  thickness  in  a monotonic 
manner  toward  the  opposite  edge.  There  was  no  indication  of  a 
"ripple  effect"  of  alternately  thinner  and  thicker  silicon.  The 
average  film  thickness  on  wafers  in  lot  627  was  0.798  ym. 


63 


Table  4-5.  Wafer  Inspection  Prior  to  Hevice  Fabrication 

Minimum  Thickness  Maximum  Thickness 
WaferNo.  No.ofF'ringes  (um)  Cum) 


627 

, 1 

0 , 

. 4 

0 , 

. 85 

0, 

, 88 

0, 

4 

0 . 

, 83 

0 

. 85 

. 1 1 

0, 

6 

0 , 

, 79 

0 , 

, 84 

. 12 

0, 

5 

0 , 

, 81 

0 , 

,85 

627 

. 3 

0, 

0 

0, 

, 75 

0, 

, 82 

, 4 

0 . 

8 

0 , 

. 78 

0 , 

, 84 

, 1 3 

0. 

4 

0, 

,83 

0 , 

. 86 

, 14 

1 . 

0 

0 . 

. 72 

0, 

, 9 0 

627 

. 5 

0 , 

4 

0 , 

. 8b 

0 

.89 

, 6 

1 , 

1 

0, 

. 77 

0 . 

, 86 

. 1 5 

0 , 

4 

0 , 

. 84 

0 , 

,87 

, 1 6 

0. 

5 

0 , 

, 83 

0 . 

, 87 

627 

•7 

, / 

1 , 

2 

0, 

. 73 

0, 

,83 

, 8 

1 . 

1 

0 , 

.75 

0 . 

, 84 

, 1 7 

0 . 

4 

0 . 

73 

0, 

,76 

, 1 8 

1 . 

7 

0 . 

73 

0 . 

87 

627 

, 9 

0. 

9 

0 . 

,65 

0 , 

,72 

1 0 

2 _ 

0 

0 . 

, 64 

0 , 

, 80 

1 9 

1 . 

1 

0. 

6 5 

0 . 

, 74 

20 

1 . 

0 

6 . 

, 70 

0 . 

78 
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4.4  Device  Fabrication  - Lot  627 

Four  wafers  of  each  of  the  four  pre-epitaxial  annealing  variations 
plus  four  standard  wafers  (from  the  first  group  of  wafers  received 
from  UCC)  were  processed  in  a 20. wafer  lot  designated  lot  627. 

Only  wafers  from  substrate  lot  KC0084  were  used.  CMOS  inverter 
circuits  were  fabricated  on  these  wafers  as  outlined  in  Appendix 
B.  Since  some  processing  steps  were  limited  to  a maximum  of  12 
wafers,  t!\e  20  wafers  were  split  into  two  groups  of  ten  with  two 
wafers  from  each  of  the  five  variations  in  each  group,  as  shown 
in  Table  4-6.  Processing  steps  which  could  accommodate  all  20 
wafers  were  done  with  all  the  wafers  at  once,  while  steps  which 
were  limited  to  less  than  20  wafers  were  done  in  the  two  separate 
groups  of  ten.  Because  of  repairs  being  done  on  the  n'*'  diffusion 
furnace,  the  n*  diffusions  were  done  in  the  Rockwell  Advanced 
Device  Research  Lab,  while  tlie  other  processing  steps  were  done 
in  the  Rockwell  Hard  MOS  Processing  Lab.  Only  one  wafer,  627.12, 
was  broken  during  processing,  and  it  was  not  used  in  the  character- 
ization experiments.  The  use  of  a faulty  metal  mask  led  to  an 
open  circuit  between  the  source  pad  and  source  contact  metal  on 
the  middle  n-channel  transistor  on  each  die  on  eveiy  wafer  of  this 
lot. 


K'  a f e r No. 

627.1 
62  7.2 

627.11 

627.12 

62  7.3 
62  7.4 
627.1  3 
6 2 7.14 

627. 5 

627.6 
627.1  5 
627.16 

627.7 

627.8 
627.1  7 
627.1  8 

627.9 
627.1  0 

627.19 

627.20 


Table  4-6.  Lot  627  Wafer  Identification 


Pre - Ep i t ax i a 1 Anneal 
No  Prefire 

U M 

n i» 

M M 

30- Minute  H2  Prefire 


16- Hour  O2  Anneal 
followed  by 
Standard  H2  Prefire 

2-Minute  HCl  Anneal 
followed  by 
Standard  H2  Prefire 

Standard  H2  Prefire 
(5  minute) 


Processing  Subgroup 

A 

A 

B 

Broken 

A 

A 

B 

B 

A 

A 

B 

B 

A 

A 

B 

B 

A 

A 

B 

B 
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4.5  Wafer  Probe  Results  - Lot  627 

I'he  wafers  were  probed  and  the  resulting  data  mapped  and  sorted 
as  described  in  Appendix  C.  Because  of  some  pecularities,  the 
parameter  distributions  will  be  discussed  first.  fhe  results  of 
sorting  the  measurements  are  shown  in  the  distribution  curves  of 
Figures  4-1  to  4-4.  The  leakage  current  distributions  indicate 
some  lowering  of  n-channel  leakage  by  all  three  annealing  pro- 
cedures which  involveti  additional  annealing  beyond  the  normal 
five-minute  hydrogen  prefire.  Tiie  least  lowering  was  obtained 
with  the  30-minute  hydrogen  refire,  while  the  most  lowering 
(-15  nA)  was  obtained  with  the  16-hour  oxygen  anneal.  In  the 
leakage  current  distribution  curves  as  in  all  tlie  other  lot  627 
parameter  distribution  curves,  the  lower  height  of  the  n-channel 
curves,  compared  with  the  p - channel  curves,  reflects  the  fact 
that  one-third  of  the  n-channels  were  not  operational  due  to  use 
of  a faulty  metal  mask,  leading  to  no  connection  between  tlie 
source  contact  and  the  source  pad.  Likewise,  the  lower  height  of 
the  curves  for  devices  having  no  prefire  compared  to  the  other 
curves  reflects  a lower  yieltl  of  both  n-  and  p-channels  for  the 
no  prefire  case. 

The  voltage  drop  distributions  are  shown  in  Figure  4-2  and 
indicate  significantly  higher  voltage  drops  than  encountered  in 
the  other  two  device  fabrication  lots  (610  and  618).  Thus,  for 
all  p re - ep i t axi a 1 anneal  cases,  a significant  fraction  of  the  n- 
channels  exceeded  0.5  V voltage  drop,  which  was  the  failure  level 
assumed  in  previous  yield  analyses.  This  is  particularly  strik- 
ing in  the  case  of  the  IICl  anneal  where  there  are  two  distinct 
peaks  in  the  distribution  curve.  The  lower  peak  is  associated 
with  wafers  627.8  and  627.17,  while  the  upper  peak  is  associated 
with  wafers  627.7  and  627.18.  Lxamination  of  the  conductance  vs. 
gate  voltage  curves  for  devices  from  these  wafers  indicates  a 
rapid  decrease  in  transconductance  as  the  gate  voltage  increases 
above  3 volts.  Transconductance  below  Vp,g  = 3 V was  normal. 

This  phenomenon  was  not  observed  on  any  of  the  other  wafers. 

Distributions  of  the  other  parameters  were  not  very  different  for 
the  five  p re - ep i t ax i a 1 annealing  procedures.  On  breakdown  voltage, 
the  median  of  the  distribution  for  the  standard  prefire  case  was 
a little  higher  (-2  V)  than  for  the  other  wafers,  however,  which 
might  reflect  the  fact  that  the  standard  wafers  were  from  the 
first  group  of  wafers  received  from  Union  Carbide,  while  the 
wafers  for  the  other  four  pre-epitaxial  anneal  conditions  were 
from  the  second  group.  On  threshold  voltage,  the  MCI  anneal  gave 
a somewhat  narrower  distribution  for  the  n-channel  transistors. 
These  differences  are  probably  not  important  as  far  as  device 
performance  is  concerned. 

Due  to  the  abnormally  high  values  of  voltage  drop,  which  occurred 
for  the  standard  wafers  as  well  as  the  wafers  having  variations 
in  the  pre-epitaxial  annealing  procedure,  it  was  decided  to 
increase  the  failure  threshold  for  voltage  drop  to  0.8  V for  the 
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NO  PREFIRE 


1VAU31NI  V«0Z  U3d  S13NNVH3~u  30  ON 


LEAKAGE  CURRENT  (nA) 


1VAU31NI  Al'O  U3d  SUOiSISNVUI  JO  ON 
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VOLTAGE  DROP  (VOLTS) 


NO  FREFIRE 


1VAU31NI  AZ  U3d  SUOiSISNVUl  30  ON 


b‘> 


POWER  SUPPLY  BREAKDOWN  VOLTAGE  (VOLTS) 

MAX  VOLTAGE 


NO  PREF!RE 

STD  5 MIN  Hj  PREFIRE 

30  MIN  H2  prefire 


1VAU31NI  AS'O  U3d  SUOiSISNVUi  dO  ON 
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THRESHOLD  VOLTAGE  (VOLTS) 


mapping  and  yield  analysis  of  lot  627.  This  decision  reflects 
ffl  the  belief  that  the  higher  voltage  drops  were  due  to  variations 

in  device  processing  rather  than  to  variations  in  wafer  fabrica- 
tion. 

The  Wafer  maps  showed  no  signifiaant  local  variations  on  any  of 
the  Wafers,  and  were  used  only  to  identify  good  devices  for 
radiation  and  bias-temperature  testing.  The  yield  analysis 
results  are  shown  in  Table  4-7.  [)ue  to  the  single  inoperative  n- 
channel  device  on  every  die  (due  to  the  faulty  mask),  there  were 
no  completely  good  dice  on  any  of  the  wafers  on  lot  627.  Hence, 
the  comparison  of  pre-epitaxial  annealing  procedures  must  be 
based  on  inverter  yields  and  yields  of  n-  and  p-channel  tran- 
sistors. In  calculating  inverter  and  n-channel  yields,  the  single 
bad  n-channel  on  every  die  was  ignored.  On  this  basis,  it  is 
apparent  from  the  data  of  Table  4-7  that  the  wafers  having  no 
hydrogen  prefire  exhibited  decidedl>'  lower  yields  than  the  other 
wafers,  the  difference  being  a considerably  higher  number  of  n- 
channel  leakage  failures  and  a somewhat  higher  number  of  p- 
channel  gate  leakage  failures.  Of  the  other  four  pre-epitaxial 
anneal  variations,  only  the  HCl  anneal  is  noticeably  different 
from  the  others,  giving  a significant  reduction  in  number  of  p- 
channel  leakage  failures. 

Measurements  of  field-effect  mobility  were  made  at  three  loca- 
tions on  each  wafer  using  the  method  outlined  in  Section  C.4  of 
Appendix  C.  The  results  are  shown  in  Table  4-8,  where  the 
average  value  of  field-effect  mobility  for  each  wafer  is  listed 
for  both  n-  and  p-channei  : rans i s tors . These  values  are  in  turn 
averaged  for  each  group  of  wafers  corresponding  to  a single 
annealing  variation.  The  no-prefire  case  gives  the  lowest  value 
of  p-channel  mobility  and  the  highest  n-channel  mobility,  while 
the  30-minute  hydrogen  prefire  gives  the  lowest  n-channel  mobility 
and  the  second  lowest  p-channel  mobility.  The  oxygen  and  HCl 
anneals  both  give  high  values  for  both  n-  and  p-channel 
mobilities.  In  general,  the  p-channel  mobilities  in  this  lot 
(627)  are  lower  than  for  the  other  lots.  The  difference  between 
the  field-effect  mobilities  obtained  for  the  different  pre- 
epitaxial  annealing  variations  are  not  sufficiently  large  to  have 
a significant  effect  on  device  performance. 

4.6  Stability  in  Co^’^  Environment  - Lot  627 

The  Co*’*^  testing  was  done  as  described  in  Appendix  0.  The  dice 
to  be  tested  were  selected  on  the  basis  of  the  wafer  maps. 

Because  the  silicon  film  thickness  was  quite  uniform  on  the  wafers 
used  in  lot  627,  and  because  oT  the  large  number  of  wafers  in  the 
lot,  devices  were  taken  only  from  one  location  near  the  center  of 
each  wafer  to  reduce  test  time.  Radiat ion  - induced  threshold 
voltage  shifts  are  shown  in  Table  4-9,  where  it  is  apparent  that 
there  is  very  little  difference  between  the  five  pre-epitaxial 
anneal  variations.  One  striking  fact  that  was  revealed  by  the 
conductance  curves,  however,  was  that  devices  from  wafers  627.7 


71 


Table  4-7.  Yield  Results  Fron  Lot  627  - Pre-F.pitaxial  Annealing  X'ariations 

Numbers  shown  are  numbers  of  failures. 
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Table  4-8.  Tiffect  of  T r e -Kp  i t ax  i a 1 Annealing 

on  T i e 1 d - b f f e c t Mobility 


P r e - 1:  p i t a X i a 1 

Ka  f e r 

Average  Field 

-Effect  Mobility 

Anneal 

Number 

p-channel 

n-channel 

No 

P r e f i re 

627.1 

172.1 

4 16.9 

6 2 7.2 

172.8 

424  . 0 

627.11 

193.4 

382  . 3 

Average 

179.4 

407.7 

Standard 

627.9 

188.1 

382  . 1 

5 Minute 

627.10 

194.5 

388.9 

Il2 

627.19 

185.7 

380 . 4 

P r e f i r e 

627  . 20 

192.1 

371.5 

Average 

190.1 

3g0  . 7 

30  Minute 

6 2 7.3 

19  5.9 

389.7 

**2 

627.4 

183.3 

3 7 5.1 

I’  r e f i re 

627. 13 

18  4.9 

385 . 0 

627 . 14 

18  5.9 

370 . 3 

Average 

18^.0 

STOP' 

16  Hour 

627.5 

2 0 2.3 

419.3 

02 

627.6 

196.4 

395 . 6 

Anneal 

627.15 

199 . 2 

374 . 5 

627.16 

190.3 

4 1 4 . 

Average 

197.1 

401.0 

2 Minute 

627.7 

206 . 9 

4 30.5 

IICl 

627.8 

191.1 

39  3.7 

Anneal 

627. 17 

179.3 

384  . 1 

627. 18 

197.1 

4 06.7 

Average 

19  3.6 

4 0 3.8 
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Table  4-9.  Effect  of  P r e - Epi t a x i a 1 Anneal  on 
Radi  at  ion- 1 nduced  Threshold  Shift 


Pre-Epi taxi al 
Anneal 


No 

P r e f i re 


St  andard 
5- Minute 
H2 

Fre  f i re 


.■?0  - Minute 
1)2 

P r e f i r e 


1 6 -Hour 
02 

Ann  ea  1 


2- Minute 
MCI 

Anneal 


I 


Wafer 

n-Channel 

AVj(Volts) 

p -Channe 1 

AVj  (Vol ts 

Number 

= - 1 U V 

^ + I uv 

^’G 

= -lUV 

~+113V 

627.1 

-0 

.08 

-0 

.47 

-0 

. 57 

-2 

. 19 

627.2 

-0 

. 1 0 

-0 

. 50 

-0 

. 60 

-2 

.25 

627  . 1 1 

-0 

. 10 

-0 

.35 

-0 

.55 

-1 

.97 

Average 

TIT 

. 

-0 

.44 

ITT 
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- 2 

. 14 

627.9 

-0 
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-0 

. 52 
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-0 
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-2 
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-0 
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-1 
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and  627.18  both  showed  a rapid  decrease  in  n-channel  transcon- 
ductance for  gate  voltages  above  -.1.5  volts.  This  effect  was  not 
seen  on  any  other  wafers  and  accounts  for  the  high  voltage  drops 
observed  during  wafer  probing  on  n-channel  transistors  on  wafers 
627.'^  and  627.1  8.^^X116  transconductance  "roll-off"  effect  was  not 
altered  by  the  Co  irradiation. 

Rad i at i on - i nduced  leakage  currents  are  shown  in  Table  4-10.  Here 
the  maximum  leakage  current,  which  always  occurred  under  bias 
condition  number  1,  is  shown,  along  with  the  ionizing  radiation 
dose  for  which  the  maximum  leakage  was  observed,  and  the  initial 
thickness  of  the  silicon  film.  As  can  be  seen  from  Table  4-10, 
there  is  a wide  wafer-to-wafer  variation  within  the  group  of 
wafers  for  a given  pre-epitaxial  anneal  procedure,  but  the 
variation  between  the  averages  for  each  procedure  is  not  dramatic. 
Based  on  these  averages,  it  appers  that  both  the  O2  and  HCl 
annealing  may  be  slightly  detrimental  to  the  goal  of  minimizing 
rad i at i on  - in  due ed  leakage,  and  that  some  hydrogen  prefire  is 
desirable,  the  lowest  average  leakage  occurring  with  the  30- 
minute  H2  prefire.  Finally,  it  should  be  noted  that  the  rather 
large  wafer-to-wafer  variation  is  apparently  not  correlated  with 
the  silicon  film  thickness,  but  some  correlation  with  the  1 
th’"ough  10  and  11  through  20  processing  split  may  be  present. 

4.7  Stability  Under  Bi as -Temperature  Stress  - Lot  627 

Due  to  the  large  number  of  wafers  in  this  lot,  this  experiment 
was  done  on  only  one  die  from  each  wafer.  The  experiment  was  per- 
formed as  outlined  in  Appendix  E except  that  only  the  static  bias 
conditions,  1 and  2,  were  used.  This  was  done  because  only  two 
inverter  pairs  were  operational  on  each  die  in  lot  627,  and 
because  the  dynamic  bias  condition,  3,  failed  to  produce  any 
measurable  change  in  design  parameters  in  the  previous  B-T 
experiments.  The  results  are  summarized  in  Table  4-11.  Ir.  all 
cases  except  one  (627.14),  threshold  shifts  were  less  than  0.35 
volts,  while  in  all  cases  but  two  (627.14  and  627.18),  changes  in 
maximum  t r an s con  due t an c e were  less  than  10%.  It  is  of  interest 
to  note  here  that  in  most  cases  the  transconductance  was  actually 
increased  very  slightly  by  the  b i a s - t emper a t u re  stress,  whereas 
in  previous  experiments  (Sections  2.6  and  3.6),  the  tendency  was 
for  the  trans conductance  to  decrease.  In  the  case  of  leakage 
currents,  in  five  cases  (627.19,  627.20,  627.4,  627.14,  and 
627.16)  there  were  large  increases  in  drain  leakage  produced  by 
the  B-T  stress . 

Finally,  no  devices  vie  re  rendered  completely  inoperative  by  the 
B-T  stress,  and  in  fact,  some  were  actually  improved,  especially 
those  from  627.7  and  627.18,  where  the  rather  extreme  roll-off  in 
transconductance  observed  initially  was  appreciably  reduced  by 
the  B-T  stress 
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Table  4-10.  tff'ect  of  P r e - hp  i t a x i a 1 Anneal  on 
Radi  at i on  - I nduced  Leakage  Current 


Pre-E-pitaxial  Wafer  Device 

Anneal  Number  Number 


Leakage 
Current (nA) 


Dose  Si  Thickness 
(rads)  um 


No 

62  7 .1 

2220 

128 

1 

X 

105 

0 . 86 

P r e f i r e 

627.2 

1920 

660 

3 

X 

10^ 

0 . 84 

627.11 

1 822 

3 8 

1 

X 

1 c6 

0.81 

Average 

rTT 

Standard 

627.9 

1822 

151 

1 

X 

10^ 

0 . 69 

5 - Minute 

627.  1 0 

192  0 

92 

3 

X 

1 0^ 

0.71 

"2 

627.  19 

2016 

357 

1 

X 

io<j 

0 . 70 

P re  f i re 

627.20 

1 822 

34  8 

1 

X 

10^ 

0.72 

Average 

237 

30- Minute 

627.3 

1 718 

182 

T 

1 

X 

1 0^ 

0.78 

Ha 

627.4 

2022 

468 

1 

X 

1 0^ 

0.80 

Pref i re 

627.13 

1 820 

201 

1 

X 

10^ 

0. 84 

627.  14 
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In  general,  the  devices  were  so  stable  that  no  measurable  change 
was  induced  by  the  B-T  stress.  It  is  believed  that  in  those  few 
cases  where  significant  changes  did  occur,  this  could  have  been 
due  to  the  choice  of  dice,  giving  results  that  may  not  have  been 
characteristic  of  the  whole  wafer.  The  conclusion  from  these 
data  is  that  all  of  the  pre -epi taxi al  annealing  procedures  tried 
produced  excellent  b i as -temper ature  stability. 

4.8  Pre -Epi t axi al  Hydrogen  Prefire  and  Annealing  Results 

The  results  of  these  experiments  did  not  identify  a preferred  pre- 
epitaxial  annealing  procedure,  but  did  indicate  the  desirability 
of  having  some  hydrogen  prefire. 

The  omission  of  the  hydrogen  prefire  step  produced  a significant 
decrease  in  yield  and  perhaps  some  increase  in  r ad i a t i on - i nd uc ed 
leakage.  Otherwise,  differences  between  the  results  of  the  pre- 
epitaxial  annealing  variations  were  not  significant,  being  much 
less  than  wafer-to- wafer  variations  within  a group. 

In  general,  the  yields  on  this  lot  were  lower  than  for  lot  b 1 8 
and  approximately  the  same  as  yields  measured  for  lot  610.  How- 
ever, the  voltage  drops  were  higher  than  in  the  previous  lots, 
and  the  failure  threshold  for  voltage  drop  under  3 mA  load  had  to 
be  raised  to  0.8  V in  order  to  pass  most  of  the  usable  devices. 
Also,  p-channel  field-effect  mobility  tended  to  be  lower  and 
b i a s - 1 empe r a t ur e stability  better,  while  r ad i a t i on - i nduced  leak- 
age was  higher  than  for  the  previous  lots.  These  comments  apply 
to  all  groups  of  wafers  in  this  lot,  including  the  four  standard 
wafers  which  were  part  of  the  first  shipment  of  wafers  received 
from  Union  Carbide  and  used  in  lots  610  and  618.  Thus,  the 
differences  between  lot  627  and  the  two  previous  lots  are  believed 
to  be  processing  related  rather  than  starting-material  related. 
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5.  PHASE  II  SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 

The  effect  of  p r e - ep i t a x i a 1 treatments  of  sapphire  on  the  quality 
of  silicon-on-sapphire  semiconductor  material  has  been  investi- 
gated to  define  improved  procedures  for  fabricating  SOS  starting 
material.  The  pre-epitaxial  treatments  investigated  were 
sapphire  polishing,  sapphire  cleaning,  and  pre-epitaxial  anneal- 
ing. The  quality  of  the  resulting  S^s  material  was  assessed  in 
terms  of  its  suitability  for  the  fabrication  of  radiation  hard 
(' MO  S/SOS  integrated  circuits,  as  determined  by  evaluating  CMOS 
devices  fabricated  in  the  SOS  material.  The  devices  used  for  the 
evaluation  were  4007SR-H  inverter  circuits,  and  these  were 
evaluated  in  terms  of  yield,  electrical  parameters,  radiation 
tolerance,  and  stability  under  b i as -temperature  stress.  The 
following  conclusions  were  reached. 

1.  The  reduction  in  final  polishing  time,  from  the 
standard  Union  Carbide  procedure,  provides  a definite 
improvement  in  both  n-channel  yield  and  radiation- 
induced  back-channel  leakage,  while  having  no  measurable 
deleterious  effects  on  either  n-  or  p-channel 
transistors.  This  surprising  conclusion  is  based  on 

a very  limited  sample  size,  using  repolished  wafers 
which  initially  had  the  standard  polish.  Therefore, 
confirmation  studies  are  required  before  any  changes 
in  standard  polishing  procedures  could  be  recommended. 

2.  The  rad i a t i on - i nduced  back-channel  leakage  is  very 
sensitive  to  silicon  film  thickness  and  can  fall  to 
'0.2  uA/mil  or  below  (after  irradiation  of  up  to  10^ 
rads(Si)  in  a Co^^  environment)  when  the  film  thick- 
ness is  correct.  This  effect  is  believed  to  be  due 
to  the  use  of  a deep  boron  implant  on  n-channels  in 
order  to  increase  the  inversion  potential  of  the 
back  interface,  and  the  correct  silicon  film  thick- 
ness (about  0.8  am  for  the  process  used  here)  is 
expected  to  depend  upon  the  boron  implant  energy. 

3.  The  use  of  alcohol  in  the  final  rinse  during 
sapphire  cleaning  is  detrimental  to  almost  every 
investigated  aspect  of  the  devices.  Although  the 
use  of  an  acid  wash  following  an  alcohol  scrub 
removed  the  detrimental  effects  of  the  alcohol, 
other  disadvantages  were  incurred,  particularly  in 
terms  of  survivability  under  b i as - 1 emper at ure  stress. 

4.  The  removal  of  detergents  from  the  scrubbing  cycle 
of  the  standard  Union  Carbide  cleaning  procedure  may 
produce  slight  advantages  in  terms  of  field-effect 
mobility  and  bias -temperature  stability. 

5.  Some  hydrogen  prefire  is  desirable,  both  from  the 
point  of  view  of  device  yield  and  radiation-induced 
n-channel  leakage.  Other  pre-epitaxial  annealing 
variations  had  no  significant  effect. 
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ti . The  principal  factor  in  both  yield  and  radiation 
hardness  was  n-channel  leakage.  The  differences 
between  the  results  of  the  different  polishing, 
cleaning,  and  annealing  procedures  in  terms  of  yield 
and  radiation  hardness  arc  reflected  almost  entirely 
in  the  n-channel  leakage  results. 

The  first  conclusion  (number  1,  above)  is  also  supported  by 
results  obtained  in  Phase  I.  In  view  of  these  conclusions,  the 
most  promising  areas  for  .SOS  film  improvement  appear  to  he 
sapphire  polishing  and  silicon  film  thickness  uniformity. 

Further,  it  is  believed  that  it  is  not  simply  the  sapphire  polish 
which  requires  further  study,  but,  in  fact,  all  procedures  used 
to  determine  the  mechanical  properties,  including  crystallo- 
graphic orientation,  of  the  sapphire  surface.  Similarly,  it  is 
not  simply  silicon  film  thickness  uniformity  which  requires  work, 
but  in  fact,  all  procedures  which  determine  the  boron  doping 
level  in  the  vicinity  of  the  s i 1 i con  - s apph i r e interface,  includ- 
ing both  the  boron  implantation  procedure  and  tlie  duration  and 
temperature  of  subsequent  high -temperature  processing  steps. 

Thus  it  may  be  more  fruit<ful  to  attempt  to  develop  an  implanta- 
tion process  which  is  not  sensitive  to  the  10%  to  15%  silicon 
thickness  variation  seen  across  a typical  SOS  wafer  than  to 
attempt  to  develop  a silicon  epi  procedure  which  yields  very 
uniform  silicon  film. 

Although  the  total  number  of  devices  measured  was  extremely  large 
C~7  X 10“^),  the  number  of  wafers  per  variation  was  very  small 
(<4).  Since  the  wafer-to-wafer  variations  were  relatively  large, 
the  statistics  on  a wafer-to-wafer  liasis  are  dominant. 

Thus  a larger  number  of  wafers  per  variation  woulil  be  desirable 
for  future  investigations,  although  there  will  always  be  the 
limitations  of  wafer-processing  lot  size.  Since  differences  in 
results  observed  for  different  processing  lots  is  quite  large,  a 
large  number  of  processing  runs  is  also  desirable. 

Although  it  has  not  been  possible  to  obtain  excellent  statistics 
on  this  study  program,  the  consistency  of  man>-  of  the  results  is 
very  good.  For  example,  in  the  area  of  device  yield,  on  lot  627 
the  yield  results  for  all  the  pre-epitaxial  anneal  variations 
are  virtually  identical,  except  for  the  wafers  where  no  hydrogen 
prefire  was  used  (see  Table  4-7). 

Finally,  it  must  be  noted  that  the  present  studies  all  used  a 
particular  process  designed  to  produce  r ad i a t i on - h a r d CMOS/SOS 
devices.  The  results  obtained,  therefore,  derive  from  tlie 
interaction  of  the  device  processing  with  the  SO.S  material  and 
might,  therefore,  be  different  for  different  processes.  This  is 
probably  particularly  true  of  the  effects  of  nonuniform  silicon  ^ 

thickness  on  radiation-induced  n-channel  leakage.  Therefore, 
only  to  the  extent  that  the  present  process  is  typical  of  other 
radi  at  i on -hard  C,M0S/.S0S  processes  or  to  the  extent  tliat  the 
interactions  between  processes  and  SOS  material  are  understood, 
can  the  results  described  in  this  report  be  applied  in  general  to 
rad i a t i on - h a r d CMOS/SOS  device  fabrication. 
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APPENDIX  A 


WAPER  INSPECTION  TECHNIQUES 


This  appendix  describes  the  techniques  used  in  the  study  to 
characterize  SOS  starting-material  wafers  prior  to  the  start  of 
CMOS/SOS  wafer  processing. 

A.l  Sodium  Eight  Interferometer 

Topographs  of  the  silicon  films  on  the  SOS  wafers  used  in  the 
study  were  obtained  by  making  photomacrographs  of  the  wafers 
under  monochromatic  sodium  liglit  (wavelength,  X = 5893  X). 

i’ariations  in  the  silicon  film  thickness,  as  shown  in  Figure  Al, 
are  revealed  by  interference  fringes  which  result  from  the 
incident  beam  and  the  light  transmitted  through  the  silicon  and 
reflected  from  the  sapphire  surface. 

Because  the  sodium  light  topograplis  were  made  after  the  island 
etch,  it  was  possible  to  establish  permanent  row  and  column 
identification  numbers  for  the  devices  (see  Appendix  C,  Figure 
Cl)  and  to  correlate  test  results  on  subsequently  fabricated 
devices  with  their  relative  silicon  thicknesses. 

A. 2 Nomarski  Interference  Contrast  Filter 

The  Nomarski  interference  contrast  filter*  permits  differential 
surface  analysis  where  surface  variations  are  so  slight  that  the/ 
are  not  revealed  by  the  usual  optical  techniques. 

The  Nomarski  filter  is  placed  between  the  illuminator  and  the 
objective  of  an  incident-light  microscope  having  a polarizer- 
analyzer,  as  shown  in  Figure  A2.  A modified  Wollaston  prism 
splits  the  light  from  the  sample  into  two  superimposed  images 
that  are  slightly  displaced  from  one  another  giving  the  desired 
three-dimensional  effect. 

A. 3 Infrared  (IR)  Spectrophotometer 

The  Beckman  IR-5A  spectrophotometer  used  in  the  experiments 
consists  of  an  IR  radiation  source  and  a monochromator  containing 
a prism  which  disperses  the  light  so  that  a limited  wavelength 
range  is  allowed  to  irradiate  the  SOS  sample.  The  light 
reflected  from  the  wafer  is  detected  by  a photodetector,  tlie 
output  of  which  is  used  to  drive  a strip-chart  recorder. 


*0.  Nomarski  and  A.  R.  Weill,  Rev.  DeMetallurgie,  1955. 
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Figure  A2.  Nomarski  Interference  Contrast  Filter;  Modified 

V^ollaston  Prism  Which  Provides  a 
Three-Dimensional  Effect 
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Figure  A3  shows  the  detector  output  traces  for  three  locations 
on  one  SOS  wafer,  and  the  equation  used  to  calculate  the  silicon 
thickness.  This  technique,  coupled  with  the  sodium  light 
topograph,  provides  a quick  visual  indication  of  silicon  film 
thickness  variations  on  SOS  wafers. 
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APPENDIX  B 


CMOS/Sns  DF.VICr.  fabrication 


A simple,  metal  gate  process  which  exhibits  excellent  electrical 
characteristics,  radiation  hardness  and  bias-temperature 
stability  was  used  to  Fabricate  devices  on  the  SOS  samples.  A 
1007SR  test  vehicle  comprised  of  a basic  dual  complementary  pair 
plus  inverter  circuit  (CD 4 007  equivalent)  and  special  test 
structures  was  chosen  for  fabrication  using  the  following  process 
sequence : 

1.  The  silicon  islands  were  formed  by  first  oxidizing  the 
silicon  surface  in  a steam  ambient  followed  by  a drying 
cycle.  The  islands  were  defined  by  standard  photo- 
lithographic techniques,  and  the  oxide  was  etched  in  a 
buffered  IIF  solution.  Following  the  oxide  etch,  the 
photoresist  was  removed  and  the  silicon  was  etched  in  a 
KOI!  solution. 

2.  A thin  thermal  oxide  was  grown  on  the  silicon  islands 
followed  by  a deposition  of  .Silox.  The  source  and 
drain  region  of  the  n-channel  transistors  was  then 
defined  with  photoresist,  and  the  oxide  was  etched  to 
silicon.  The  N*  regions  were  then  doped  using  POCI3 
as  the  source. 

.■?.  The  wafers  were  then  oxidized  to  form  an  oxide  over  the 
N*  regions.  The  p-channel  transistor  source-drain 
areas  were  then  defined  with  photoresist,  and  the  oxide 
was  etched  to  silicon.  Following  the  removal  of  the 
photoresist,  the  I’*  regions  were  doped  using  boron 
nitride  wafers  as  a dopng  source.  All  oxide  was  then 
removed  followed  by  a short  thermal  oxidation. 

4.  The  p-well  was  then  defined  using  photoresist  as  an 
implantation  mask.  The  p-well  was  ion  implanted  at 
200  keV  to  a dose  of  1.5  x 10^^  atoms/cm^  and  40  keV 
to  a dose  of  3 x 10^^  atoms/cm^.  The  diffusions 
were  then  driven  at  1000°C  for  two  hours. 

5.  All  oxide  was  stripped.  The  gate  oxide  was  then  grown 
in  a steam  ambient  with  - 1 °t>  MCI  present  at  875°C  and 
annealed  at  875®C  in  dry  nitrogen. 

6.  The  contacts  were  defined  by  photoresist  and  etched. 

7.  Metallization  was  deposited  using  an  AMT  Insource  1500 
RF  evaporation  system.  The  metal  was  defined  using 
photoresist  and  etched.  Following  photoresist  removal, 
the  wafers  were  sintered. 
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Finally,  a Silox  overcoat  was 
ing  and  probe  pads  were 
lithographic  techniques. 


opened 


deposited  and  the  bond- 
using standard  photo- 
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APPFNDIX  C 


WAFER  PROB INH-PATA  ACQUISITION  AND  ANALYSIS 


C.l  Data  Acquisition 

Following  device  faitrication,  the  wafers  were  probed  on  an  auto- 
matic wafer  probing  setup  controlled  by  a Hewlett  Packard  2I14B 
m i n i - comput e r . A program  was  written  to  probe  the  4007-H 
inverters,  measuring  the  following  parameters  on  each  transistor: 

(1)  drain  junction  leakage  current  (channel  leakage)  with  the 
drain  junction  reverse  biased  at  10  V and  with  the  gate  grouniled, 

(2)  voltage  drop  at  3 mA  load  with  the  gate  biased  strongly  on 

U^Gsl  " gate  leakage  current  with  12  volts  applied 

between  tiie  gate  and  the  source,  (4)  gate  leakage  current  with 
12  volts  applied  between  the  gate  and  both  drain  and  source,  (5) 
drain  junction  breakdown  voltage  with  10  pA  through  the  back- 
biased  drain  junction,  (6)  turn-on  threshold  voltage,  taken  by 
measuring  the  gate  to  source  voltage  produced  by  forcing  100  pA 
through  the  back-biased  drain  junction  with  the  gate  tied  to  the 
drain.  The  measurements  were  done  on  each  transistor  in  the 
order  outlined  above.  If  any  of  the  first  four  measurements 
exceeded  certain  limits,  the  remaining  measurements  on  the  device 
were  aborted  and  the  next  device  was  tested.  These  limits  were 
100  nA  for  the  drain  leakage,  2 volts  for  the  voltage  drop,  and 

1 pA  for  the  gate  leakages. 

Rather  than  probing  all  the  devices  on  a wafer,  in  order  to  speed 
up  the  probing  process  and  to  facilitate  completely  automatic 
probing,  only  tlie  dice  within  a square  area  inscribed  in  the 
circular  wafer  were  probed.  Because  alternate  dice  along 
every  other  row  were  special  ten-pad  test  devices  rather  than 
4 007-11  inverters,  only  alternate  dice  were  probed  on  every  row. 
Thus  the  probing  was  done  on  12  dice  on  each  of  25  rows,  giving  a 
total  of  300  dice  probed,  including  900  inverters  consisting  of 
900  n-channel  and  900  p-channel  transistors.  The  probed  area  is 
illustrated  in  Figure  Cl.  This  scheme  allowed  the  probing 
operation  to  he  completely  automatic  and  quite  rapid,  so  that 
after  the  probe  was  started  at  the  upper  left-hand  corner  of  the 
area  to  be  probed,  the  operation  proceeded  without  requiring  any 
attention  from  the  operator  until  the  300  dice  had  been  probed 
about  3-1/2  hours  later.  The  data  were  stored  on  magnetic  tape 
and  were  then  analyzed  by  other  computer  programs  written  for  t ^ 
mini -comput  er . 

C . 2 Wafer  Mapping 

Pevice  failures  were  mapped  for  the  square,  probed  area  .>• 
wafer,  using  the  device  measurements  stored  on  the  magner 
Mapping  was  done  on  one  row  at  a time  by  reading  the  d>ti 
12  dice  on  a row  into  the  computer  from  the  magnetic  t . • 
comparing  the  values  of  the  drain  junction  leakage  >.  i • • 
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voltage  drop,  and  gate  leakage  current  with  failure  threshold 
values.  The  failure  threshold  values  were  read-in  at  the  begin- 
ning of  each  mapping  operation  and  were  ordinarily  chosen  to  be 
100  nA  for  drain  leakage,  0.5  V for  voltage  drop,  and  1 wA  for 
gate  leakage.  If  a device  passed  all  four  comparisons,  a zero 
was  printed  as  its  position  within  t'  die  a'£  the  proper  die 
location  within  the  row.  If  a device  failed  one  of  the  compari- 
sons, then  subsequent  comparisons  for  the  device  were  aborted  and 
a number  between  1 and  4,  corresponding  to  the  test  failed,  was 
printed  in  the  position  corresponding  to  that  device.  Thus  the 
number  1 corresponds  to  drain  leakage  failure,  2 to  voltage  drop, 
and  3 and  4 to  gate  leakage. 

In  addition  to  mapping  the  failures,  the  computer  program  kept 
track  of  the  total  numbers  of  failures  of  various  types  and, 
after  all  25  rows  had  been  mapped,  the  number  of  die  containing 
one  or  more  failed  devices,  number  of  failed  inverters,  number  of 
failed  n-channel  transistors,  number  of  failed  p-channel  tran- 
sistors, plus  numbers  of  n-channel  and  p-channel  transistors 
failing  each  of  the  four  tests  was  printed.  A typical  mapping 
and  yield  analysis  result  is  shown  in  Figure  C2.  Individual  dice 
are  outlined  on  this  figure,  and  the  first  test  number  failed  for 
each  of  the  three  n-channel  and  three  p-channel  transistors  is 
shown  within  each  die,  with  the  n-channels  on  the  left  and  the  p- 
channels  on  the  right.  The  yield  analysis  results  appear  below 
the  map.  It  should  be  noted  that  devices  failing  the  drain 
leakage  test  are  automatically  recorded  as  also  failing  the 
voltage  drop  and  gate  leakage  tests. 

C.3  Parameter  Distributions 

The  wafer  probe  measurements,  stored  on  the  magnetic  tape 
cassette,  were  read  into  the  computer  and  sorted  into  ten  ranges 
for  each  parameter.  The  ranges  for  leakage  current  were  from  0 
to  200  nA  in  steps  of  20  nA,'  for  voltage  drop  were  from  C to  1 
volt  in  steps  of  0.1  V,  for  gate  leakage  were  from  0 to  2 uA  in 
steps  of  0.2  uA,  for  breakdown  voltage  were  from  5 to  25  volts  in 
steps  of  2 volts,  and  for  threshold  voltage  were  from  0.5  to  5.5 
volts  in  steps  of  0.5  volts.  In  addition,  the  number  of  devices 
falling  above  the  sorted  range  and  the  number  of  devices  not 
tested  were  determined  for  each  type  of  measurement.  A typical 
result  is  shown  in  Figure  C3.  The  test  numbers,  1 through  6,  on 
this  figure  correspond  to  the  measurements  in  the  order  psr- 
formed--namely , (1)  drain  leakage,  (2)  voltage  drop,  (3)  gate- 
to-source  leakage,  (4)  gate-to-drain  and  source  leakage,  (5) 
drain  breakdown  voltage,  and  (6)  turn-on  threshold  voltage. 

C.4  Field-F.ffect  Mobility  Measurements 

These  measurements  are  made  on  the  special  test  dice  located 
between  4007SR  dice  on  alternate  rows  of  the  wafer.  The  test  is 
made  under  the  control  of  the  mini -computer  using  the  automatic 
probe  table  in  the  manual  mode.  The  computer  obtains  measure- 
ments of  channel  current  versus  gate  voltage  using  0.5  V gate 
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Figure  C2.  Wefer  Map  and  Yield  Analysis  for  Wafer  618.8. 

Numbers  at  the  top  of  the  page  are  failure  threshold 
assignments  for  drain  leakage,  voltage  drop,  and 
both  typos  of  gate  leakage. 
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•Figure  C3.  Paraaeter  Distributions  for  Wafer  618.8.  Test  numbers  refer  to  the 
following  measurements;  1 -*■  Iql,  2 Vps,  3 5 4-*-  Iql.  5 -*■  Vgo, 


voltage  steps  and  with  the  drain  biased  at  0.1  V.  The  computer 
then  selects  the  region  of  maximum  transconductance  (61  /6V_) 
from  these  points  and  determines  the  field-effect  mobility  from 
the  formula 

Z 

vn  = r ‘'fe  Vp 

u 

max 

Where  Z/L  is  the  channel  width -to - 1 ength  ratio,  ppg  is  the  field- 
effect  mobility,  Cq  is  the  oxide  capacitance  per  unit  area,  and 
V[)  is  the  drain  voltage.  The  oxide  capacitance  was  obtained  from 
measurements  of  minimum  and  maximum  gate  capacitance  of  a 4 mil  x 
4 mil  transistor  on  the  special  test  dice.  From  these  measure- 
ments, both  oxide  thickness  and  substrate  doping  were  obtained. 

The  oxide  capacitance  was  then  calculated  from  the  oxide  thickness. 
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APPENDIX  D 


CHARACTERIZATION  IN  Co^’^  ENVIRONMENT 


Devices  representative  of  the  fabricated  wafers  were  character- 
ized prior  to  and  following  Co^®  exposure  under  various  bias 
conditions.  The  primary  purpose  of  these  experiments  was  to 
determine  the  gate  oxide  radiation  hardness  by  monitoring  the 
shifts  in  threshold  voltage  and  to  determine  the  hardness  of  the 
s i 1 i con - s apph i re  interface  by  measuring  the  increases  in  drain 
leakage  current  with  increasing  ionizing  radiation  dose.  The 
dice  selected  for  radiation  testing  were  chosen  on  the  basis  of 
the  wafer  mapping  and  the  silicon  film  thickness  measurements. 

Six  dice  containing  at  least  two  fully  functional  complementary 
pairs  were  taken  from  three  locations  covering  the  range  of  film 
thicknesses  present  on  the  wafer. 

The  threshold  shift  data  were  obtained  from  shifts  in  conductance 
versus  gate  voltage  curves.  The  conductance  measurements  were 
made  on  each  transistor  with  the  source  at  0.1  volt,  the  drain 
connected  to  the  input  of  an  operational  amplifier,  and  the  gate 
swept  with  a positive  or  negative  ramp.  The  output  of  the 
operational  amplifier  was  used  to  drive  the  vertical  Y axis  of  an 
X-Y  recorder,  while  the  ramp  used  to  sweep  the  gate  was  connected 
to  the  horizontal  X axis. 

The  drain  junction  leakage  measurement  was  made  by  grounding  the  gate 
and  source  and  measuring  the  current  in  the  drain  using  a Fluke 
Digital  Multimeter  with  ♦10  volts  on  the  drain  for  the  n-channel 
and  -10  volts  on  the  drain  for  the  p-channel  devices,  as  illu- 
strated in  Figure  Dl.  Also  gate  leakage  measurements  were  made  by 


Figure  01 . 


Drain  Leakage  Measurement 
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apply  10  volts  between  the  gate  and  source  with  zero  drain  bias 
and  measuring  the  current  into  the  gate  with  a Fluke  Digital 
Multimeter. 

Two  dice  from  each  wafer  location  were  irradiated  with  each  of 
the  four  complementary  pairs  in  a different  one  of  the  four  bias 
conditions  illustrated  in  Figure  D2 . The  four  bias  conditions 
provide  a positive  and  negative  gate  bias  condition  for  a zero 
drain  bias  condition  plus  a zero  gate  bias  for  both  a zero  and  10 
volt  drain  bias  condition  for  each  transistor.  The  three  measure 
men t s - -conduct ance , drain  junction  leakage,  and  gate  leakage-- 
were  made  prior  to  the  first  irradiation  and  after  a series  of 
radiation  doses  (.01,  .03,  .1,  .3,  and  1 megarad).  A typical  set 

of  conductance  results  for  one  of  the  four  bias  conditions  is 
shown  in  Figure  D3.  Under  this  bias  condition,  the  n-channel  is 
seen  to  develop  leakage  during  irradiation.  The  leakage  currents 
measured  under  10  volt  drain  bias  usually  behaved  in  a similar 
manner  with  radiation  dose  as  the  0.1  volt  conductance  measure- 
ment. After  noting  cases  in  lot  618  where  the  10  volt  and  0.1 
volt  n-channel  leakage  behavior  with  radiation  dose  did  not 
correspond  well,  a leakage  characteristic  curve  was  also 
generated  on  subsequent  tests  by  sweeping  the  r.-channel  drain 
between  zero  and  +10  volts  with  the  gate  held  at  -10  volts. 
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Figure  D2 . Bias  Conditions  Used  During  Co^®  Irradiation 
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Figure  D3.  Typical  Conductance  Res 


APPENDIX  E 


bias -TEMPERATURE  CHARACTERIZATION 


Completely  functional  dice  were  selected  from  each  wafer  on  the 
basis  of  the  wafer  maps  and  packaged  in  TO-lOO  packages.  The 
devices  were  characterized  prior  to  and  following  bias  temperature 
stress  using  the  same  characterization  procedure  as  for  the  Co^^ 
characterization  described  in  Appendix  I'.  Thus,  the  characteri- 
zation consisted  of  conductance  measurements,  drain  junction 
leakage  measurements,  and  gate  leakage  measurements.  The  bias- 
temperature  stress  consisted  of  placing  the  devices  in  an  oven  at 
260“C  for  16  hours  with  each  of  the  three  inverters  in  a package 
in  a different  one  of  the  three  bias  conditions  shown  in  Figure 
El.  Two  of  these  conditions  are  static,  giving  an  "on"  and  "off" 
gate  bias  condition  for  both  the  n-  and  p-channel  transistors. 

The  third  condition  is  a dynamic  condition  in  which  each  tran- 
sistor is  switched  on  and  off  at  a 1 MHz  rate. 
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CONDITION  1 CONDITION  2 


CONDITION  3 


Figure  El.  Inverter  Bias  Conditions  During  Bias -Temperature  Stress 
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